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ABSTRACT 
A study was conducted to exami ne the effect of bromi de on the forma­
tion and di stri buti on of tri hal omethanes i n  dri nki ng water .  Chl ori nati on  
experi ments were made under contro l l ed l aboratory condi ti ons of bromi de 
l evel , chl ori ne dose , pH , i on i c  strength, temperature , and organ i c  precur­
sor concentrati on . Two types of raw waters were chl ori nated : pure humi c  
aci d sol utions and fi l tered Tennessee Ri ver water .  Resu l t i ng tri hal omethane 
formati on s were mon i tored over 96 hour reacti on peri ods. 
The resul ts i ndi cated that bromi de can be an i mportant factor  i n  THM 
formati on . An i ncrease i n  TTHM yi e l d and a shi ft toward more bromi nated 
THMs was observed for an i ncrease i n  i n i ti al bromi de l evel . A decrease i n  
the effect of chl ori ne dose on TTHM yi e l d and di stri but ion  was noti ced wi th 
an i ncrease i n  i n i ti al bromi de l evel . For a gi ven l evel of bromi de , a 
decrease i n  humi c aci d l evel was found to be associ ated wi th an i ncrea se 
i n  the amount of bromi ne TH�1s rel ati ve to the amount of chl ori ne THMs. 
I on i c strength was found to have no i nfl uence on TTHM yi e l d or  d i stri bu­
t ion  for the l evel s of �ami de exami ned. The effect of pH on TTHM yi e l d 
was observed to be enhanced at hi gher l evel s  of bromi de . The temperature 
dependence on  THM formati on was found to be strongl y i nfl uenced by the 
bromi de l evel . The temperature dependence of CHC1 3 formati on  was found 
to decrease wi th an i ncrease i n  brom i de .  The temperature dependence of 
CHC1 2Br formati on  was found to be greatest at a l evel of bromi de correspond­
i ng to i ts predominance i n  the TTHM d i stri buti on . The temperature depen­
dence of CHC1 Br2 formation  was found to be greatest at a l evel of bromi de 
correspondi ng to i ts predomi nance i n  the TTHM di stri buti on . The tempera-
iv 
ture dependence of CHBr3 formation wa s found to increase with  an increa se 
in bromide l evel . Simil ar bromide and temperature effects were observed 
with the chl orinations of Tennessee River water .  I n  general , a first order 
computer simul ation of THM formation did not give a good fit . 
v 
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1 
I .  I NTRODUCT ION 
S i nce 1 974 much i nterest has been generated concern i ng the presence 
of syntheti c organ i c  chemi cal s  i n  dri nk i n g  water . The most wi despread 
occurri ng organi c contami nants detected so far are four tri hal omethanes:  
chl oroform ( CHCl 3 ) ,  bromodi chl oromethane ( CHC 1 2Br ) , d i bromochl oromethane 
( CHC 1 B r2 ) ,  and bromoform ( CHBr3 ) .  S i nce the di scovery by Rookl that tri ­
hal omethanes (THMs) were produced by the chl ori nati on process i n  dri nk i ng  
water , an  extensi ve amount of  research concern i ng thei r formati on , l evel s 
of occurren ce , and removal techni ques has been acompl i shed . Proposed 
federal regul ati ons by EPA on acceptabl e l evel s of THMs and other organi cs 
i n  dri nki ng  water have created si gni fi cant economi c and techn i ca l  demands 
on the water treatment i ndustry .  
I n  the formati on of THMs by the chl ori nati on of dri n k i n g  water , 
organi c materi a l  i n  the raw water reacts wi th chl ori ne to form chl oroform , 
and i n  the presence of  bromide i ons  the three bromi ne contai n i ng THMs 
may al so be formed. Chl ori ne oxi d i zes avai l ab l e bromide to a bromi ne 
speci es  whi ch can then react i n  the same manner as chl ori ne to form addi -
ti onal ·THMs. Al though chl oroform has been found to be the predomi nant 
THM speci es  i n  most dri nki ng waters, certai n  waters have shown hi gh  
l eve l s  or even a predomi nance of the bromi ne THMs. These i nci dences  
have been l i nked t o  a hi gh bromi de content i n  the raw water .  Duri ng  a 
survey of THM l evel s i n  33 Tennessee mun i ci pa l  water supp l i es ,  vari ati ons 
i n  the proporti ons of chl oroform compared to the b romi ne THMs were 
observed . I n  certai n  cases ,  when the total tri ha l omethane (TTHM ) val ue 
was l ow ,  a predomi nance of the bromi ne THMs was found . I n i ti al i nterest 
i n  the present study was generated by the se fi ndi ngs and one of the pur­
poses of thi s study was to gai n  i nsi ght as  to why there was so much 
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vari ati on i n  the di stri buti on of THMs found i n  the Tennessee survey . 
Tab l e 1 presents a summary of  the ranges and d i s tri but i ons of THMs from 
th i s  survey . 
The emphas i s  of THM research has been on chl oroform . Bes i des 
bei ng the usual  predomi nant speci es , research concern i ng the hea l th 
hazards of  ch l oroform i s  much more compl ete and i mp l i cati ng . The under­
standi ng of the bromi ne THMs i s  much l es s .  The i r  behavi or i n  formati on 
and res ponse  to treatment s chemes , and to what degree they di ffer from 
chl oroform , are not wel l  defi ned . Al s o  i t  i s  poss i bl e  that hea l th ef­
fects research cou l d  concl ude that thehromi ne THMs are more hazardous  
than chl oroform , whi ch woul d  make the i r rel ati vely  l ow l evel s become 
more s i gn i fi cant. S i nce bromi de i s  a precursor to the THM reacti on , i t  
i s  i mportant  to understand i ts effects . 
The objecti ve of thi s res earch was to exami ne the effect of  bromi de 
on THM formati on and di stri buti on . Thi s  was accompl i shed by a seri es 
of l ab sca l e chl ori nati on experiments . Syntheti c humi c aci d sol ut i ons 
were chl ori nated under vari ous contro l l ed condi ti ons  of  pH , i on i c  
strength , temperature , chl ori ne dos e ,  bromi de l evel , and organi c  pre­
cursor  concentrati on . Resu l ti ng  THM formati ons were mon i tored over 96 
hour reacti on peri ods . Add i ti onal ch l ori nati ons were made us i ng actual  
raw water samp l es from the Tennessee R i ver i nstead of syntheti c humi c 
aci d so l uti ons . I n i ti al l y , a compari son of raw water bromi de l evel s 
wi th fi n i s hed water THM l evel s was pl anned , but due to probl ems encoun­
tered i n  the ava i l ab l e  methods of bromi de analys i s ,  thi s  was not 
s uccess fu l . 
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Concentrati ons (ppb )  
1 . 1 - 167 . 2  
0 - 76 . 8  
0 - 34 . 1 
0 - . 1  
Percent of 
TTHM 
2 . 7 - 100 
0 - 87 . 6  
0 - 25 . 7  
0 - . 5 
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I I .  LITERATURE REVI EW 
Background I n formati on 
The present concern over syntheti c organ i c  compounds i n  dri nk i ng 
water stems largely from several studies reported i n  1 974 . A study of 
New Orleans dri nki ng water2 reported a large number of  known or sus­
pected carci nogens occurri ng at detectable levels . Also i n  1 974 , Rook1 
publi s hed res ults of an i nvesti gat i on i n  the Netherlands whi ch showed 
THMs at s i gni fi cant levels i mmedi ately after,  but not pri or  to , chlori na­
ti on of dri nki ng water.  Another study reported by Bellar et al} reported 
fi ndi ng THMs i n  U . S .  dri nk i ng waters . Although not the only compounds 
detected , the THMs were the predomi nant contami nants measured . By 
December , 1 974 ,  the Safe Dri nki ng Water Act was s i gned i nto law by Pres i ­
dent Ford ( P . L. 93-523 ) , gi v i ng  EPA a d i recti ve for s tudi es of levels of  
o rgani c contami nants i n  U . S .  dri nki ng waters and to recommend correcti ve 
acti on to reduce levels of hazardous compounds . I n  1 975 , Rook4 presented 
a more detai led explanati on of the formati on of THMs , s uggest ing  two 
groups of compounds , fulvi c and humi c aci ds , as bei ng the mai n  organi c 
precursors respons i ble . Also  i n  1 975 , the EPA presented the results of 
the Nati onal Organi cs Reconnai ssance Survey (NORS ) , reporti ng the  occur­
rence of THMs i n  almost  every fi n i shed water i n  the ei ghty c i ti es sur­
veyed ,  but only rarely i n  the raw waters . 5 Table 2 g i ves the ranges of  
THM levels measured from the survey . At  the 1 975 Conference o n  the 
Envi ronmental Impact of Water Chlori nati on held i n  Oak Ri dge , Tennessee , 
a number of presentati ons reported new fi ndi ngs concerni ng the THM 
i ssue . 6 Stevens et all reported the results of a study of factors i n­
fluenci ng THM formati on i n cludi ng pH , organi c precursor , type of 
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Tabl e 2 .  Fi n i shed Water Anal ys i s  from the Nat i onal 
Organ ics  Reconna i ssance Survey 
Compound 
Chloroform 
Bromod i chl oromethane 
Di bromoch l o romethane 
Bromoform 
Carbon Tetrachl ori de 
1 , 2 - Di chl oroethane 
Number of Range of 
Locati ons Detected Concentrati ons ( ppb ) 
79 0 . 1 - 311  
76 1 . 8  - 1 16 
70 0 . 4  - 100 
25 1 .  0 - 92 
10 2 . 0  - 3 
26 0 . 2  - 6 
Source : Symons ,  J .  M. , T .  A .  Bel l ar ,  J .  K .  Carswel l ,  
J .  DeMarco , K .  L .  Kropp , G .  G .  Robeck , D .  R .  Seeger , 
C .  J .  S l ocum , B .  L .  Smi th , and A .  A .  Stevens , 
11 Nati onal Organi cs Reconna i s sance Survey 11 , Journal 
Ameri can Water Works Associ ati on , 67 : 634 (1975 ) .  
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di s i nfectant and temperature . The i nfl uences of  these factors were 
eval uated by ben ch and pi l ot sca l e experiments , and some control appl i ­
cati ons for ful l s cal e water treatment pl ants were s uggested . 
I n  1 976 , the Nati ona l Cancer I nsti tute publ i s hed resul ts of research 
showing that at h i gher doses chl oroform coul d cause can cer  i n  rats . 8 
Thi s was fol l owed by an FDA ban on the use of chl oroform as a food or  
drug addi ti ve . 9 
I n  J une , 1 977 , the EPA i ssued the I nterim Primary Dri nki ng Water 
Regul ati ons , but no Maximum Contami nant Level (MCL) for the THMs was i n­
cl udec ,  pendi ng compl eti on of research on the heal th effects . 1 0  Revi sed 
Interim Standards were to be i mpl emented based on the fi ndi ngs of a Na­
ti onal Academy of Sci en ces revi ew pane1 . 1 1  The Second Conference on the 
Envi ronmental Impact of Water Chl ori nati on i n  October , 1 977 presented 
addi ti onal new fi ndi ngs on THM formati on , methods of anal yses , and treat­
ment techn iques . 1 2  
A proposed amendment to the I nterim Pri mary Dri nki ng Water Regul a­
ti ons was publ i shed i n  February , 1 978. 1 3  Among other regul ati ons , a maxi ­
mum concentrati on l imi t for total tri hal omethanes (TTHMs ) was establ i shed 
at 1 00 ug/1 (yearly average ) .  Th i s  l imi t was des i gned to reduce the long 
term averaged exposure of the publ i c  to THMs vi a the dri nk i ng water supp ly .  
Water uti l i ti es under the regul ati ons woul d be  requ i red to  meet the stan­
dards , by mod i fi cati on of treatment schemes , change i n  di s i nfectant ,  or 
by i nstal l ati on of acti vated carbon fi l ters . 
As of Apri l , 1 979 ,  no deci s i on has been made concerni ng the i mpl e­
mentati on of the regul ati ons concerni ng control of organ i c contami nants 
such as the THMs . 1 4  One l i kely approach may be to establ i s h Max i mum 
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Contami nant Level s ( MC Ls ) for i ndi vidual compounds and to a l l ow the 
water supp l i ers to choose the method of compl i ance . 
Tri hal omethane Formati on 
The c l ass i cal  hal oform reacti on i s  general ly  accepted as bei ng the 
reacti on i nvol ved i n  the formati on of THMs duri ng  dri nki ng water treat­
ment . Morri s 1 5  descri bed the hal oform reacti on as occurri ng  genera l ly i n  
al kal i ne ,  aqueous sol uti on wi th organi c compounds conta i n i n g  the acetyl 
group ( CH38- ) or structures such as ( CH3CHOH- ) that may be oxi di zed to 
the acetyl group . The overal l reacti ons may be wri tten : 
CHCOR + 3HOX 
C X3COR + H20 
-�> C X3COR + 3H20 
--�) CHX 3 + RCOOH 
( 1 ) 
( 2 )  
The reacti on i nvol ves i ni ti al d i ssoc i ati on of a hydrogen and addi ­
ti on of  the pos i ti ve hal ogen to the resul ti ng  carbani on .  D i ssoci ati on 
and addi ti on are repeated unti l the methyl group is ful ly  hal ogenated , 
whi ch i s  then d i sp l aced by nucl eoph i l i c base attack and adds a hydrogen 
to yi e l d the THM. The enti re mechani sm i s  wri tten : 
RCOCH3 ) R8 = CH2 + H + 
R� = CH2 + H OX ) RC OCH2 X + OH-
RCOCH2 X ) R8 = CHX + H + 
R8 = CHX + HOX ) RCOCHX2 + OH-
RCOCH X  ) R-C = C X2 + H+ 
RC = C X2 + HOX ) RCOCX3 + OH-
RCOC X3 + OH- -�) RCOOH + C X3-
cx3- + H+ -�) CHX3 
( 3 )  
( 4 )  
( 5 ) 
( 6 )  
( 7 )  
( 8) 
( 9 )  
( 1 0 )  
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The i ni ti al enol izati on ( rxn 3 )  i s  the rate- l imi ti ng  step-so that the 
enti re sequence occurs at the same rate as the enol formati on . 
When hypoch l orous aci d i s  present , the product of the reacti on 
wi l l  be chl oroform. If bromi de i s  al so present , the hypobromous aci d 
formed wi l l  generate the bromi nated THMs a l s o . Rookl exp l ai ned that 
the bromi de is oxi di zed to hypobromous aci d by hypochl orous aci d 
when raw water i s  s ubjected to chl ori nati on .  
Symons et�.s concl uded that the organi c  precursor l evel of the 
raw water i s  the major factor affecti ng the l eve l s of THMs formed i f  
the chl ori ne i s  not exhausted . Further research has concl uded that 
the type of organi c precursor i s  al so very i mportant . Rook1 fi rst 
proposed that natura l ly occurr ing  humi c subs tances i n  s urface waters 
were precurs ors of THMs , us i ng peat extracts as model precursors . I n  
a l ater study , RookS a l s o  demonstrated that THMs coul d be produced from 
other compounds , especi a l ly  those that contai ned meta hydroxy aromati c 
ri ngs . Stevens et a 1? showed addi ti on a 1 compounds that were THr-1 pre­
cursors , s uggesti ng the precursors are probably  found  i n  a mi xture o f  
h umi c subs tances and s imp l er  compounds that contai n  the acetyl group. 
Morri s and Bauml 6  found other compounds wi th chemi cal s tructures that 
can react as ketones whi ch coul d a l s o  serve as THM precursors . They 
suggested the importance of a l ga l  bi omass and extracel l ul ar products as 
potent ia l  THM precursor materi a l  i n  raw water suppl i es .  Thi s was al so  
reported by Hoehn et !1.)7 Trussel l and Umphres l 8  presented a summary 
of functi onal groups whi ch have been shown to form THMs , Fi gure 1.  
Tradi ti onal ly , chemi sts have categori zed aquati c humus materi a l s 
accordi ng to thei r phys i cochemi cal behavi or . B l ack and Chri stman 1 9  
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descri bed a fracti oni zati on scheme based on the work of  Oden20 and 
Page,2 1  i n  wh i ch the alkala i -solub l e o rgani c  materi a l s are di vi ded i n­
to three classes : fulvi c aci ds , h umi c aci ds , and hymamelani c  aci ds . 
The molecu l ar wei ght  of the humi c aci ds are the h i ghest , probably 
1 00, 000 or  h i gher , and the fulvi c aci ds have the lowest , probably 
rangi ng between 1 00 and 1 000 . The data ava i l ab l e  concern i ng the di s ­
tri buti on of  aquati c humus c l asses i n  natural  waters i ndi cate that 
humi c aci ds represent a much smal ler fracti on than the fulv i c  aci ds . 
However ,  more research on the di s tri buti ons of humus materi a ls wi ll be 
needed before general statements can be made . 
Several stud ies  have exami ned the degree of  reacti vi ti es of vari ous 
compounds i n  THM reacti ons . The data i ndi cate that humi c materi a l  are 
much more reacti ve than l ow molecular wei ght  compounds whi ch al s o  are 
THM precursors . Babcock and Si nger22 s tudi ed the relati ve chloroform 
formati on of humi c aci ds and fulvi c aci ds , concl udi ng that h umi c aci ds 
are much more reacti ve and gi ve s i gn i fi cantly h i gher THM yi e l ds upon 
chlori nati on . 
Although chlori ne dose can affect the level s  of  THMs produced , the 
relati ons h i p i s  more compli cated than a s imple li near one . 4 , 5 , 7 , 2 2  A 
free chl ori ne res i dual  appears to be the mos t  i mportant factor concern­
i ng chlori ne dose , but the level of the resi dual i s  not as cruci a l. 
Chlorami nes have not been found to produce meas urable quanti ti es of  
THMs . 2 3  Stud i es i ndi cate that after chl ori ne s ati sfi es an i mmedi ate 
ch lorine demand from i norgani cs s uch as a mmoni a ,  su l fi de ,  and i ron ( I I } , 
addi ti onal chlori ne begi ns to react wi th avai lable organ i cs , i ncludi ng 
THM precursors . l8 I t  i s  at thi s poi nt where ava i labl e  chlori ne can 
affect the THM yield .  Any chl ori ne i n  excess to that requ i red to meet 
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the immedi ate i norgani c and s hort term organi c demands does not appre -
ci ably i ncrease THM yi eld .  Although a ch lorine res i dual i s  i mportan t  
i n  i ncreas i ng THM formati on , the amount of thi s  resi dua l i s  not so  
i mportant . 
Tri halomethane formati on has been s hown to be t ime dependent . 4 
Although there i s  a rapi d formati on of THMs followi ng contact wi th 
hl . . . . ld f f 4
,7 , 24 , 25  c or1ne , an 1ncrease 1n y1e has been ound or over 24 hours . 
Thus THM levels measured i n  the di s tri bution system can be much h i gher 
than those found at the treatment plant immedi ately after chlori nati on . 
Stud i es have emphasi zed that the ti me of THM measurement i s  very i mpor-
tant and mus t  be cons i dered when moni tori ng THM levels i n  dri nki ng 
waters . 26 
The haloform reacti on proceeds more rapi dly at h i gher temperatures , 
and thi s has been observed i n  THM studi es . 4'7 , 2 7  Stevens et al.7 at---
tri buted di fferences i n  s easonal THM levels largely to temperature 
vari ati ons . Zogorsk i 27 als o  found a temperature dependence for chloro­
form and bromodi chloromethane . Hoehn and Randa1 1 :8 i n  a two year s tudy , 
d id  not fi nd THM concentrati ons cons i stently h i gher wi th warmer tempera-
tures , concludi ng that seasonal vari ati ons are determi ned by a number 
of  factors i ncludi ng vari ati on i n  precursor levels . 
The effect of pH on THM formati on has been i llus trated by a num­
ber of i nvesti gators . 4 , S , l, lS , Rook4 expla i ned that i ncreas i ng the pH 
enhances enoli zati on , whi ch produces more reacti ve s i te on the precur-
sor molecule . He observed a s harply i ncreas i ng reacti on rate wi th ful­
v i c  aci ds i n  the 9 to 1 0  pH regi on .  Stevens et �.7 s uggested that 
i ncreas i ng the pH also may cause low molecular wei ght compounds , only 
reacti ve at h i gher pH , to enter the haloform reacti on . He observed a 
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thi rty fold i ncrease i n  the reacti on rate of acetone wi th chlori ne at 
pH 8 . 3 over that at pH 6 . 7 . Morris and Baum, 1 6  u s i ng syntheti c model 
compounds , found the chlori ne demand  to be les s  at h i gher pH , but the 
yields of  chloroform about the s ame at h i gh and low Phs .  They s uggested 
that the chlori nati on of organi cs proceeds as we ll at low pH as h i gh 
pH ,  and on ly the fi nal  hydrolys i s  of  the tri halogenated molecul e re­
qui res an elevated pH . 
Except for the development of THM formati on curves from actual 
data , no quanti tati ve descri ptions o f  THM k i neti cs have developed . 
Because of  the vari ation i n  organi c  precursors and the overall reac­
ti on complexi ti es i nvolved i n  natura l waters , i t  has been di ffi cult 
for researchers to accurately defi ne and quanti fy the ki neti cs of 
THM reacti ons occurri ng i n  water treatment.  
The Effect of Bromi de 
The formati on of bromi ne conta i n i ng THMs has been attri buted to 
the oxidati on of bromi de i n  raw water by chlori ne , followed by halo­
form reacti on between the resu lti ng bromi ne and organi c precursors . 
The oxi dati on of bromi de by ch lori ne was observed by Johannesson . 29 
Whenever chlori ne or hypochlori te i s  added to a water conta i ni ng bro-
mine i ons , there i s  a rapi d formati on of hypobromous aci d ,  accordi ng 
to the reaction:  
Br- + HOCl  ----J� HOBr + C l-
Other li kely i n termedi ates formed are Br2 , OBr
- , wi th some BrC l  and 
BrC1 5 . Farkas et �.
30 and Lewi n et �. 31 s tudi ed the k i netics of 
react i on s between hypochlori te and bromi des i n  pure systems . The for­
mati on and stabi li ty of bromami nes were i nvesti gated by Gorchev and 
Morri s . 32 
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Tabl e 3 presents the pos s i bl e  oxi dati on states of bromi de i n  water 
treatment wi th ch l ori ne or ozone , computed from thermodynami c data . The 
reacti on to bromate , al though thermodynami cal l y  poss i bl e ,  proceeds only at 
a very s l ow rate , and pro babl y i s  negl i bl e  i n  cons i derati ons of water 
treatment chemi stry . Assumi ng compl ete oxi dati on to hypobromous ac i d  and 
negl i bl e  formation  of bromate , F i gure 2 g i ves the rati o of d i fferent 
chl ori ne and brom i ne spec i es at vari ous pH val ues for and i n i ti a l  chl ori ne 
dose of .00020 M and i n i t i al bromi de concentrati on of . 0000020 M . 33 The 
HC l O/HBrO rat i o  in the pH reg i on 7 to 8 i n creases by an order of magn i tude .  
I n  the a l k al i n e  regi on , pH 8 and h i gher ,  the concentrat i ons  of HOCl  and 
HOBr drop to very l ow val ues . There the hypoh al i te spec i es prevai l .  
Rook 1 noted the formati on of bromi ne THMs and correct ly  attri buted 
them to the presence of raw water bromide  i ons . Bunn et a1:4 observed 
the format i on of THMs other than ch l oroform by a seri es of ch l or i n a-
t i on studi es i nvol v i ng the add i t i on of f l uor i de ,  ch l or i de ,  i od ide ,  and 
bromi de to raw water samp l es fol l owed by ch l ori n ati on.  On l y  ch l or i ne , 
bromine , and i od i ne contai n i ng THMs were detected .  The addi t i on of 
bromi de caused the most pronounced effect , wi th a sh i ft i n  di stri buti on 
and al so  an i ncrease  in THM yi e l d .  A study of THM l eve l s  i n  Concord , 
Cal i forn i a poi nted out th i s  bromi de effect . 35 Duri ng  part of a 
cont i n uous mon i tori ng  study of THM l eve l s ,  drought condi t i ons  caused 
i ncre as i ng s a l t  water i ntrus i on i nto the water source , wi th a corre -
spend ing  i ncrease i n  bromi de l eve l s .  Al though total  organ i c  carbon 
l eve l s  remai ned fai rly constant , a dramat i c  i ncrease i n  TTHM l eve l s  
as we l l  as a pronounced sh i ft i n  di stri but i on toward the bromi ne THMs 
were observed . As drought cond i t i ons and s al t  water i ntrus i on sub-
s i ded , a correspond i ng  decrease in  TTHMs and a sh i ft back toward 
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Tab l e  3 .  Oxi dati on States of Bromi ne and . Ch l ori ne 
C1 2 + 2e--+ 2CL 
+ -HCl O + H + 2e --+ Cl  + H20 
Br2 ( aq )  + 2e --+ 2Br
-
+ -HBrO + H + 2e --+ Br + H 20 
- + -Br03 + 6H + 6e --+ Br + 3H20 
{ E0 i n  Vo 1 ts ) 
+ 2 . 07 
+ 1 . 36 
+ 1 . 49 
+ 1 .  7 1  
+ 1 . 47 
+ 1 . 09 
+ 1 . 3 3 
+ 1 . 60 
+ 1 . 44 
Source : Rook ,  J .  J . , 1 1 Bromi de Oxi dat ion and 
Organ i c  Substi tution in Water Treat­
ment .. , Journal  Envi ronmental Sci ence 
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ch loroform was noti ced . The i ncreas i ng TTHM effect of bromi de was 
further s ubstanti ated by a lab s tudy i n  whi ch raw water samples were 
collected at vari ous locati ons i n  the Sacramento-San J oaq u i n  Delta 
that had di fferent degrees of salt water i ntrus i on .  The samples were 
subjected to standard condi ti ons of chlori ne dose and contact time . 
The res u lts i ndi cated i ncreased TTHMs wi th i ncreased levels of bromi de . 
However ,  the total organi c  carbon levels of the sample vari ed als o .  
A s i mi lar s tudy by the East Bay Uti li ty D i stri ct i n  Cali forn i a  i nd i ca­
ted the same effect of bromi de . 36 A compari s on of two ri ver sources 
of  the water s upply after chlori nati on showed that the one wi th s a lt 
water i ntrus i on had much h i gher TTHM levels . Pre limi nary work by 
Trussell and Umphres 1 8  i nd i cated the bromi de effect by means of a com­
pari son between a Ca li forn i a  ground water and the same water spi ked 
wi th . 5  mg/1 of bromi de . After chlori nati on , the sp i ked ground water 
formed h i gher TTHMs , and showed a pos s i b le faster reacti on rate for 
THM formati on . 
A recent study publi shed by Rook 33  presented an  extens i ve descri p­
ti on of the role of bromi de i n  oxi dat i on and s ubsti tuti on reacti ons i n  
water treatment . Experiments i nvolvi ng combi nati ons of chlori ne and 
bromi ne i nd i cated that chlori ne preferenti ally acts as an oxi dant whi le 
bromi ne reacts more as a halogenati ng agent .  Thi s conclus i on expla i ns  
the  reason why the  bromi ne to  chlori ne rati o in  volati le by-products 
s uch as  THMs i s  usually h i gher than the rati o of bromi de ori gi na lly 
present to chlori ne added . Experiments wi th peat extracts as a model 
substance showed that wi th hypobromous aci d a greater amount of bromo­
form was produced than the correspondi ng chloroform produced from the 
reacti on wi th hypoch lorous aci d .  When both halogens reacted i n  
1 7  
combination , the chl oroform formation was s uppressed and there was a s hift 
toward brominated THMs . The res u l ts of a survey of raw and finished water 
conditions at a Rotterdam water treatment p l ant  were a l s o  presented , s hown 
in Tab l e  4 .  The tendency toward more organic bromination with l ower 
C l /Br ratios can be seen . 
Argue l l o  et EJ_. 37 in a one year study of TH�1 1 evel s and raw water 
conditions for fourteen water util ities , meas ured raw water bromide l evel s  
as wel l as fin ished water THMs . Most studies have not incl uded s ucces s fu l  
raw water bromide measurements due to probl ems in the methods o f  ana lyses 
avail ab l e .  Th is particul arstudy used ion chromatography to measure the 
bromide l evel s .  A good corre l ation was found to exis t  between the con­
centration of inorgan ic bromide in the raw water and the amount of bromine 
in THMs in the fin ished water . I n  a l l cases examined , approximately five 
percent of the bromide in the raw water was found in the fin ished water 
THMs . These resu l ts are shown in Tabl e 5 .  
Studies which have examined the d istribution o f  THM species formed 
have reported dis s imil ar observations . Zagorsk i  et E_l.27, in a study 
of THM formation us ing chl orinated Oh io River water , reported that an 
increase in ch lorine dose did not s ignificantly increase  bromine THM 
l eve l s ,  as it did ch l oroform l evel s .  The raw water bromide contents were 
apparently l ow ,  based on the reported bromine THM l evel s .  Another study ,35 
invol ving rel atively high bromide l eve l s  in the raw water due to the ef­
fects of sa l t water intrus ion , reported a noticeab l e  decrease in bromo­
form a l ong with an increase in chl oroform with increas i ng chl orine doses . 
Another THM factor which has been described in oppos ing ways is the effect 
of pH . Kinman38 et � reported that observed concentrations  of the 
1 8  
Tabl e 4 .  Cl to Br Ratio  i n  Hal oforms i n  Rotterdam Treatment Pl ant 
Ch l or ine Ch l ori ne Bromi de Rati o ,  C l /Br 
Samp l e  I n i ti a l  Demand Res i dua l  I no rgan i c  
Peri od Dose  
( x10-6M )  ( x 10-6 M) (mg/ 1 ) ( mg/1 ) 
1973 4 2 . 8  34 2 1 7  
1974 2 . 4  2 . 1 8 . 5  1 . 4  8 
(wi nter) 
1974 4 . 4  2 . 2  60 1 . 5  40 
( summer )  
Source : Rook ,  J .  J. , 11Bromi de Oxi dati on and Organ i c  
Substi tuti on i n  Hater Treatment 11 ,  Journal  
Envi ronmenta l Sci ence and Heal th , A13 ( 2 ) , 
9 1- 1 16 ( 1978 ) . 
Organ i c  
4 . 7 
4 . 8  
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Tabl e 5 .  Concentrati on o f  Bromi de i n  Raw Water Vs . 
Bromi ne i n  Tri hal omethanes 
Bromi de i n  Raw 
Hater ,  mg/L  
N. D .  
0 . 3  
0 . 8  
N. D . 
N. D .  
N. D . 
N. D .  
N. D . 
0 . 6  
0 . 3  
2 . 0  
N. D .  
N. D .  
Bromi ne i n  Tri hal o­
methanes i n  Fi n i s hed 














% Bromi ne 
I ncorporated 
5 . 6  
5 . 6  
5 . 2  
4 . 7  
5 . 4  
Source : Arguel lo ,  M. D . , C .  D .  Chriswel l ,  J. S .  Fri tz , 
L .  D .  Ki ss i nge r ,  K .  W .  Lee , J. J. Ri chard , and 
H .  J .  Svec , 1 1Tri hal omethanes i n  Water : A Report 
on the Occurrence , Seasona l Vari ati ons i n  Con­
centrations and Precursors of Tri ha l omethane s 11 , 
( Accepted by Journal  Ameri can Water Works Asso­
ci ati on for publi cati on ) . 
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bromi ne THMs were not s i gn i fi cantly i nfl uenced by pH i n  the range 7 . 5-9 . 0 .  
Another s tudy found that bromoform was the only THM wh i ch showed an i n­
crease wi th i ncreased pH . 36 Agai n ,  these two stud i es i nvol ved raw waters 
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wi th substanti a l ly di fferent bromi de l evel s .  Zagorsk i  et a l . ,in a study 
of  the temperature effect on THM formati on us i ng settl ed Oh i o Ri ver 
water , found a much greater temperature dependence for chl oroform com­
pared to bromodich l oromethane , the only other THM moni tored . One of 
the objecti ves of  th i s  thes i s was to sort out these factors i n  rel ati on 
to the bromi de content of the raw water . These d i s s i mi l ar trends obser-
ved regardi ng THM factors may be due to an added effect of the l evel of  
bromi de. 
Ozone i s  currently cons i dered one of the most  attracti ve a l terna­
ti ves to chl ori ne for d i s i nfecti on . From a compari son of the oxi dati on 
potenti al s of ozone and bromi ne , i t  i s  concl uded that bromi de i n  the 
presence of ozone woul d  be oxi di zed to bromi ne . I n  the presence of 
organi c  THM precursors , the reacti on wi th bromi ne to form bromoform cou l d 
be expected . Ava i l a b l e  data from compl eted studi es , however , do not sub­
stanti ate thi s hypothes i s .  Umphres et £1.39 ,eva l uati ng the THMs formed 
by vari ous oxi dants i n  the presence and absence of bromi de , reported 
no s i gni fi cant amounts of bromoform formed resul ti ng from the ozonati on 
of waters contai n i ng bromi de . Symons et a1�0 reported no bromoform 
measured i n  raw water samp l es treated wi th ozone on ly .  Rook33 
detected no bromi nated THMs after ozonati ng sol uti ons contai n i ng bromi de 
and organi c  THM precursors . However , he d i d  i ndi cate that other non­
vol ati l e  bromi nated organi cs were formed , based on a mass bal ance of  
21  
i ni ti al bromi de, wh i ch were not detectabl e by the  analyti cal methods 
used.  Rook a l so s uggested that preozonati on fol l owed by ch l ori nati on 
wi l l  sh i ft the speci ati on so that more bromi nated THMs are formed . 
Trusse l l and Umphres 1 8  confi rmed these observati ons i n  pi l ot sca l e 
studi es i nvo l vi ng preozonati on . 
An EPA study concern i ng the use of granu l ar acti vated carbon for 
removal of  THM precursors and THMs has found di fferent degrees of  
effecti veness dependi ng on the compound consi dered . 41  I t  was observed 
that precursor removal for chl oroform by granu l ar acti vated carbon was 
more effecti ve than for the bromi nated THMs .  However , for THM removal , 
chl oroform was the l east effecti ve ly  removed THM,  and had the fastest 
breakthrough ti me . 
Bes i des bromi de contri but i on from natural geol ogi c sources and 
s a l t  water i ntrus i on ,  there are other s i gni fi cant sources resu l ti ng 
from human acti vi ty . 42 Two compounds are manufactured and used i n  
l arge enough quanti t i es to poss i bly  make s i gn i fi cant contri buti ons to 
bromi de l evel s  i n  natural waters : Methyl bromi de and ethyl ene di bromi de . 
Methyl bromi de i s  a wi dely used' fumi gant i n  mi l l s ;  warehouses , rai lway 
boxcars , nurseri es , and on agri cu l tural crops . Soi l fumi gati on i s  the 
major use , wi th frequent appl i cati ons to tomatoes , strawberri es , 
tobacco , ornamental s ,  and other crops . Most of the methyl bromi de 
appl i ed ends up i n  the soi l , where i t  decomposes to i norgan i c  bromi de 
and can be readi ly  l eached out . Another major source of bromi de i s  
from ethyl ene di bromi de , a gaso l i ne add i ti ve used i n  l eaded gasol i nes . 
Methyl bromi de i s  formed by the degradat i on of  ethyl ene di bromi de dur­
i ng gasol i ne combusti on , and has been detected at e l evated 
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concentrati ons i n  the exhaust  of cars . I n  the atmosphere , methyl bro-
mi de decomposes by photo lysi s ,  i n  soi l s  and food bymethylation react i ons , 
and i n  water by hydrolys i s  and enzymatically contro l l ed reacti ons . I n-
organi ·c bromi de res i dues commonly found i n  food are the resu l t of methyl 
bromi de decompos i ti on .  Other bromi ne contai n i n g  compounds are primari ly  
used as  chemi cal i ntermedi ates i n  chemi ca l  manufacturi ng.  In  most 
appl i cati ons , the bromi ne i s  converted to the i norgani c bromi de form 
before entry i nto the envi ronment .  
Tri ha l omethane Reducti on Techni ques i n  Water Treatment  
The  control of THM  l evel s i s  a very s i te s peci fi c probl em , and 
both the techni ca l  and economi cal feas i bi l i ti es of mi n i mi zi ng THM 
l evel s  depend upon the current treatment s cheme , p l ant s i ze ,  and raw 
water cond i t i ons . Based on a revi ew of the l iterature , the fol l owi ng 
concl us i ons are presented: 
1 .  Granul ar Acti vated Carbon ( GAC ) i s  not feas i bl e  for the 
effect ive reducti on of THMs , because of poor affi ni ti es 
for these compounds and frequent regenerati ons req u i red . 
Some success  has been found for GAC appl i cati ons to THM 
precursor remova1 . 23 ,4 1  
2 .  Substant ia l  THM reducti ons may be ach i eved by changi ng 
the poi nt of chl ori nati on and opti mum use of coagu l ati on , 
fl occu l ati on, and sedimentati on . 7 , l 7 , 22 , 25 , 27 , 35 , 36 , 38 , 43 , 44 , 45 
3 .  Preozonati on , dependi n g  o n  the speci fi c s i tuat i on bei ng 
cons i dered , may or may not be effecti ve i n  reduci ng  THM 
precursors . 33 , 39 ,40 ,46 
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4 .  As a l ternati ve di s i nfectants to ch l ori ne , nei ther ozone 
or chl ori ne d i oxi de produce THMs . More studi es need to 
be compl eted to eval uate thei r potenti a l s for produci ng 
other harmful by-products as wel l as the i r economi c 
feas i bi l i ti es . 33 , 39 ,40 ,46 
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I I I .  EXPERIMENTAL DES I GN 
The objecti ve of thi s study was to exami ne the effect of bromi de 
on THM formati on and di stri buti on . Thi s goal was met by a seri es of 
bench sca l e chl ori nati on experiments usi ng vari ous condi ti ons of bro-
mi de l evel , pH , chl ori ne dose , i on i c strength , organi c precursor con­
centrati on , and temperature . 
Deve l opment  of quanti tati ve ki neti cdescriptions of  THM formati on 
was beyond the scope of thi s s tudy . Consi derati on of  a l l factors af­
fecti ng  the ki neti cs of THM formati on wou l d requi re a much more ri gor­
ous and extens i ve experimental matri x than was poss i b l e  under the 
objecti ve of th i s  s tudy .  Furthermore , because the organ i c precurs ors 
of  THMs are not ful ly understood or even i denti fi ed , i t  wou l d  not be 
poss i bl e  to obta i n more than a rough emp i r i ca l  model , whi ch wou l d at 
best only apply to the speci fi c chemi cal  system u sed to devel op  the 
model . There may be so  much vari ati on i n  the bas i c  organ i c s ubstrate 
among water s uppl i es that no useful genera l i zati ons cou l d accurately  
predi ct THM formati on , based on  current knowl edge of  the subject . 1 8  
Ch l ori nati on Experiments 
The effect of bromi de on THM formati on and di s tri buti on was 
studi ed by a seri es of ben ch s ca l e  chl ori nati ons . An a l l g l ass  and 
tefl on reactor ,  Fi gure 3 ,  was used for the primary reacti ons . I n  
order t o  mi n imi ze l os s  o f  vol ati l e  reacti on components , the reactor 
was des i gned wi th a moveabl e tefl on cover .  A compl ete mi xed system 
was i nsured by means of a l arge magneti c sti rrer .  For each reacti on , 
a measured vol ume of raw water so l uti on was p l aced i n  the reactor .  
S EC ONDARY REACTOR � 
(160ml. CRIMP BOTTLE) u 
Fi gure 3 .  
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React.or Des i gn .  
PISTON 
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Thi s sol uti on was then chl ori nated by an a l i quot of sodi um hypochl ori te 
del i vered by vol umetri c pi pet. After two mi nutes of conti n uous mi x i ng , 
a seri es of  g l ass septum bottl es were fi l l ed wi th the chl ori nated so l u­
t� on and capped head space free by means of a tefl on a l umi num crimped 
seal . At des i gnated times , 1 ml of 2N sodi um thi osu l fate sol uti on was 
i njected i nto the bott l es to destroy the res i dual  chl ori ne and thus 
quench the THM reacti on . S imu l taneous ly , correspondi ng sampl es from 
an unquenched bottl e  were taken for res i dual  oxi dant measurements . The 
sodi um hypochl ori te used i n  the ch l ori nati ons was prepared by bubbl i ng 
chl ori ne gas ( Research Puri ty Grade Matheson ) i nto 11 0rgani c  free 11 
water adjusted to pH 9 . 0  wi th NaOH . Th i s  stock chl ori ne sol uti on was 
di l uted and standardi zed . The enti re react i on sequence was carri ed 
out i n  a constant temperature room to i nsure no vari ati on i n  tempera­
ture duri ng the reacti on peri od. For each reacti on , THM measurements 
were made at 1 ,  2 ,  4 ,  8 ,  24 , 48, 72 , and 96 hours and res i dual  oxi dant 
measurements were made at 0 ,  2 ,  4 ,  8, 24 , 48 , 72 , and 96 hours . The 
reproduci b i l i ty of the chl ori nati on procedure used i n  the l ab stud i es 
was eval uated by tri p l i cate chl ori nati ons under i dent i cal cond i ti ons . 
The resu l ts of thi s  eva l uati on are shown i n  Tab l e  6 .  
G l assware was ri nsed wi th di sti l l ed ,  then dei on i zed , then 110rgan i c  
free 11 water and heated i n  a 1 03 degree C .  oven overn i ght pri or to use . 
Thi s  cl ean i ng procedure was fol l owed to prevent poss i bl e  THM contami ­
nati on . 
For syntheti c sol uti ons , humi c aci d ( K  & K Laboratories ) was 
used as a source of THM organ i c  precursor .  A 1 7. 5  l i ter batch was 
prepared for each seri es of  experiments to mi n i mi ze vari ati on wi th i n  
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Tabl e 6 .  Experi menta l  Data I l l ustrati ng the Reproduci b i l i ty of the 
Chl ori nation  Procedure Used i n  the Laboratory Stud i es 
Rep I i cate CHC1 3 
1 . 063 
2 . 074 
3 . 078 
Mean . 072  
Standard 
Devi ati on . 008 
Coeffi c i ent 
of Variati on % 1 0 . 8  
Concentrati on um/ 1 
CHC1 2Br CHC 1 Br2 
. 076 . 090 
.085 . 097 
. 091  . 106 
. 084 . 098 
. 006 . 006 
9 . 8  8 . 2  
CHBr3 
. 018 




10 . 4  
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a seri es .  Each so l uti on conta i ned a measured amount of humi c aci d ,  
phosphate pH buffer ( . 005M) ,  and s odi um s u l fate for i on i c s trength 
adjustment .  For p H  adjustment ,  when  requ i red , e i ther s u l furi c aci d  
or sodi um hydroxi de so l uti ons were used . "Organi c free " water was pre-
pared from dei on i zed , di sti l l ed water whi ch had been purged wi th pre­
puri fi ed n i trogen for 24 hours . The prepared humi c so l uti on was a l l owed 
to stand overni ght to i ns ure adequate mi xi ng and to ach i eve the de­
s i red reacti on temperature . Pri or to chl ori nati ons , non-vol ati l e  total 
organ i c  carbon ( NVTOC ) and pH measurements were made . Al s o , a samp l e  
b l an k  o f  so l uti on was analyzed for pos s i b l e  THM contami nati on . 
For the actual  raw water chl ori nati ons , sampl es of settl ed Tennes­
see Ri ver water were fi l tered through . 45 mi cron fi l ters . No pH ad­
justments or phosphate buffer addi ti ons were made to the raw water 
s ampl es . Al l experiments were carri ed out i n  a constant temperature 
room , wi th no exposure to s un l i ght . 
For the syntheti c humi c aci d  so l uti on experiments , standard 
condi ti ons were : 
Humi c Aci d :  
pH : 
Chl ori ne Level : 
Bromi de Leve l : 
I on i c Strength : 
Water Temperature : 




. 0 1 5  M 
20 degrees C .  
One o r  more of  the above parameters were vari ed i n  each experi -
ment , wi th the rema i n i ng parameters hel d constant .  
1 .  The effect of bromi de concentrati on o n  THM formati on and 
di stri buti on at constant pH 7 . 0 ,  1 . 0 mg/ 1 humi c aci d ,  . 01 5  M 
i on i c strength , 20 degrees C . , and 5 mg/ 1  ch l ori ne was i n­
vesti gated by sp i k i ng i ndi vi dual  sol uti ons wi th 0 ,  . 0 1 , 
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. 02 ,  . 04 ,  . 1 0 ,  . 20 ,  . 40 ,  1 . 00 , 2 . 00 ,  and 4 . 00 mg/1 bromi de , 
pri or to chl ori nati on . 
2 .  The effect o f  ch l ori ne dose at d i fferent l evel s o f  bromi de 
was exami ned by ch l ori nati ng  so l uti ons of  0 ,  . 033 , . 333 
mg/1 bromi de wi th chl ori ne doses of 2 . 5 ,  5 . 0 ,  and 1 0 . 0  mg/1 . 
3 .  The effect o f  humi c aci d l evel a t  di fferent l evel s o f  bromi de 
was i nvesti gated by prepari ng so l uti ons of . 5 ,  1 . 0 ,  and 2 . 0  
mgjl humi c aci d  each at 0 ,  . 033 , and . 333 mg/1 bromi de and 
subsequently chl ori nati ng . 
4 .  The effect o f  p H  a t  di fferent l evel s of  bromi de was i nvesti ­
gated by sp i ki ng so l uti ons of pH 6 . 0 ,  7 . 0 ,  8 . 0 ,  and 9 . 5  wi th 
0 ,  . 033 , . 333 mg/1 bromi de , fol l owed by chl ori nati on . 
5 .  The effect o f  i oni c s trength a t  d i fferent l evel s o f  bromi de 
was i nvesti gated by prepari ng sol uti ons of . 01 5 ,  . 075 , and 
. 1 50 i on i c strength . I on i c strength adjustments were made 
usi ng sodi um s u l fate . For each i on i c strength l evel , sol u­
ti ons were sp i ked wi th 0 ,  . 033 , and . 333 mg/l bromi de and 
subsequently chl ori nated . 
6 .  The effect of temperature a t  d i fferent l evel s  o f  bromi de was 
i nvesti gated by chl ori nati ng sol uti ons of 0 ,  . 04 ,  . 40 ,  and 
4 . 0  mg/1 bromi de at 1 0 ,  20 , and 30 degrees Cel ci us .  These 
temperatures were mai ntai ned us i ng a constant temperature 
room . 
For the Tennessee R i ver water experiments , a batch sampl e of 
Tennessee Ri ver water was taken . After settl i ng ,  the sampl e was fi l ­
tered through a . 45 mi cron fi l ter .  I n  anti ci pati on of a h i gher chl ori ne 
demand , the chl ori ne dose was i ncreased to 10  mg/1 . The s tock raw 
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water had a NVTOC of 2 . 3  mg/ L  and a pH of 7.4. Besides fil tration , no 
other treatment was made on the samp l e .  The standard conditions were : 
Water Temperature : 20  Degrees Cel cius 
Ch l orine Dose : 1 0 . 0  mg/L 
pH : 7.4 
Bromide Level : not determined 
The effect of bromide l evel on  THM formation was examined by spiking 
the river water with 0 ,  . 01 ,  . 02 , . 04 ,  . 1 0 , . 20 ,  . 40 ,  1 . 00 ,  2 . 00 ,  and 
4 . 00 mg/ L  bromide and chl orinating with 1 0 . 0  mg/ L  chl orine . The 
effect of temperature at different l evel s of bromide was investigated by 
chl orinating sol utions of 0,  . 04 , . 40 , and 4 . 00 mg/ L  bromide at 1 0 , 2 0 ,  
and 3 0  degrees Cel ciu s .  
I ndividual experimental conditions for each chl orination experi­
ment  are presented in Tabl e 7. 
Anal ytical Methods 
For THM anal ysis ,  a l iquid- l iquid extraction procedure reported 
by Henderson et �.47 was used . Pentane was the extraction sol vent .  
The sampl es were seal ed in head space free tefl on seal ed v ia l s and 
injected with measured portions of pentane , depicted in Figure 4. After 
addition of the pentane, the samp l es were put in a mechanical s ha ker 
( Contro l l ed Environment I ncubator Shaker , New Brunswick Scientific Co . )  
and extracted for 30 minutes at 200 r . p. m .  before remova l . From the ex­
tracted pentane l ayer a portion was withdrawn and injected into a 
Vari ati on 
Bromi de 
Humic  
Aci d  
pH 
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Tab l e  7 .  I nd i v i dual Experimental Condi ti ons 
Bromi de 
(mg/ 1 ) 
0 . 000 
0 . 010  
0 . 020 
0 . 040 
0 . 100 
0 . 200 
0 . 400 
1 . 000 
2 . 000 
4 . 000 
0 . 000 
0 . 033 
0 . 333 
0 . 000 
0 . 033 
0 . 333 
0 . 000 
0 . 033 
0 . 333 
0 . 000 
0 . 033 
0 . 333 
0 . 000 
0 . 033 
0 . 333 
0 . 000 
0 . 033 
0 . 333 
0 . 000 
0 . 033 
Humi c Aci d  Studi es 
Humi c Aci d  pH Temp . I on i c  
(mg/ 1 ) ( C ) Strength 
1 . 0  7 . 0  20 . 0  . 015 
1 . 0  7 . 0  20 . 0  . 015  
1 . 0  7 . 0  20 . 0  . 01 5  
1 . 0  7 . 0  20 . 0  . 0 15 
1 . 0  7 . 0  20 . 0  . 015  
1 . 0  7 . 0  20 . 0  . 015  
1 . 0  7 . 0  20 . 0  . 0 15 
1 . 0  7 . 0  20 . 0  . 0 15 
1 . 0  7 . 0  20 . 0  . 015  
1 . 0  7 . 0  20 . 0  . 015 
0 . 5  7 . 0  20 . 0  . 01 5  
0 . 5  7 . 0  20 . 0  . 015  
0 . 5  7 . 0  20 . 0  . 0 15  
1 . 0  7 . 0  20 . 0  . 015 
1 . 0  7 . 0  20 . 0 . 015  
1 . 0  7 . 0 20 . 0  . 015  
2 . 0  7 . 0  20 . 0  . 015  
2 . 0  7 . 0  20 . 0  . 015  
2 . 0  7 . 0  20 . 0  . 015  
1 . 0  6 . 0  20 . 0  . 0 15 
1 . 0  6 . 0  20 . 0  . 015  
1 . 0  6 . 0  20 . 0  . 015 
1 . 0  7 . 0  20 . 0 . 0 15 
1 . 0  7 . 0  20 . 0  . 015 
1 . 0  7 . 0  20 . 0  . 015 
1 . 0  8 . 0  20 . 0  . 015  
1 . 0  8 . 0  20 . 0  . 01 5  
1 . 0  8 . 0  20 . 0  . 01 5  
1 . 0  9 . 5  20 . 0  . 015  
1 . 0  9 . 5  20 . 0  . 015 
Chl ori ne 
( mg/ 1 ) 
5 . 0  
5 . 0  
5 . 0  
5 . 0  
5 . 0  
5 . 0  
5 . 0  
5 . 0  
5 . 0  
5 . 0  
5 . 0  
5 . 0  
5 . 0  
5 . 0  
5 . 0  
5 . 0  
5 . 0  
5 . 0  
5 . 0  
5 . 0  
5 . 0  
5 . 0  
5 . 0  
5 . 0  
5 . 0  
5 . 0  
5 . 0  
5 . 0  
5 . 0  
5 . 0  
Vari ati on 
Ioni c 
Strength 




( mg/l ) 
0 . 000 
0 . 033 
0 . 333 
0 . 000 
0 . 033 
0 . 333 
0 . 000 
0 . 033 
0 . 333 
0 . 000 
0 . 033 
0 . 333 
0 . 000 
0 . 033 
0 . 333 
0 . 000 
0 . 033 
0 . 333 
0 . 000 
0 . 040 
0 . 400 
4 . 000 
0 . 000 
0 . 040 
0 . 400 
4 . 000 
0 . 000 
0 . 040 
0 . 400 
4 . 000 
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Tabl e 7 .  ( Conti nued ) 
Humi c Aci d 
(mg/ ) 
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0 
1 . 0  
1 . 0 
L O  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0 
1 . 0  
1 . 0  
1 . 0  
1 . 0 
1 . 0  
1 . 0  
1 . 0  
pH 
7 . 0  
7 . 0  
7 . 0  
7 . 0 
7 . 0  
7 . 0 
7 . 0  
7 . 0 
7 . 0  
7 . 0  
7 . 0  
7 . 0  
7 . 0  
7 . 0  
7 . 0  
7 . 0  
7 . 0  
7 . 0  
7 . 0  
7 . 0  
7 . 0  
7 . 0  
7 . 0  
7 . 0  
7 . 0  
7 . 0  
7 . 0  
7 . 0  
7 . 0  
7 . 0  
Temp . 
{ C )  
20 . 0  
20 . 0  
20 . 0  
20 . 0  
20 . 0  
20 . 0  
20 . 0  
20 . 0  
20 . 0  
20 . 0  
20 . 0  
20 . 0  
20 . 0  
20 . 0  
20 . 0  
20 . 0  
20 . 0  
20 . 0  
10 . 0  
10 . 0  
10 . 0  
10 . 0  
20 . 0  
20 . 0  
20 . 0  
20 . 0  
30 . 0 
30 . 0  
30 . 0  
30 . 0  
Ion i c  
Strength 
. 015  
. 01 5  
. 01 5  
. 075  





. 015  
. 01 5  
. 015 
. 01 5  
. 015  
. 0 15 
. 015  
. 015  
. 015  
. 01 5  
. 01 5  
. 015  
. 015  
. 015  
. 015  
. 0 15 
. 01 5  
. 015  
. 01 5  
. 015  
. 015  
Chl ori ne 
{mg( l ) 
5 . 0  
5 . 0  
5 . 0  
5 . 0  
5 . 0  
5 . 0  
5 . 0  
5 . 0  
5 . 0  
2 . 5  
2 . 5  
2 . 5  
5 . 0  
5 . 0  
5 . 0  
10 . 0  
10 . 0  
10 . 0  
5 . 0  
5 . 0  
5 . 0  
5 . 0  
5 . 0  
5 . 0  
5 . 0  
5 . 0  
5 . 0  
5 . 0  
5 . 0  
5 . 0  




Tab l e  7 .  ( Conti nued ) 
Bromi de 
(mg/ 1 ) 
0 . 000 
0 . 010  
0 . 020 
0 . 040 
0 . 100 
0 . 200 
0 . 400 
1 . 000 
2 . 000 
4 . 000 
0 . 000 
0 . 040 
0 . 400 
4 . 000 
0 . 000 
0 . 040 
0 . 400 
4 . 000 
0 . 000 
0 . 040 
0 . 400 
4 . 000 
Tennessee Ri ver Stud ies  
Temp . Chl ori ne 
( C ) { mg/ 1 ) 
20 . 0  10 . 0  
20 . 0  10 . 0  
20 . 0  10 . 0  
20 . 0  10 . 0  
20 . 0  10 . 0  
20 . 0 10 . 0  
20 . 0  10 . 0  
20 . 0  10 . 0  
20 . 0  10 . 0  
20 . 0  10 . 0  
10 . 0  10 . 0  
10 . 0  10 . 0 
10 . 0  10 . 0  
10 . 0  10 . 0  
20 . 0  10.0 
20 . 0  10 . 0  
20 . 0  10 . 0  
20 . 0  10 . 0  
30 . 0  10 . 0 
30 . 0  10 . 0  
30 . 0  10 . 0  
30 . 0 10 . 0 
pH 
7 . 4  
7 . 4  
7 . 4  
7 . 4 
7 . 4  
7 . 4  
7 . 4  
7 . 4  
7 . 4 
7 . 4  
7 . 4  
7 . 4  
7 . 4  
7 . 4  
7 . 4  
7 . 4  
7 . 4  
7 . 4  
7 . 4  
7 . 4  
7 . 4  
7 . 4  
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Vari an 2 100 Gas Chromatograph wi th a 10 ul s yri nge . A tri t i um foi l  
el ectron capture detector was used .  A s i x  foot gl ass  col umn fi l l ed 
with 10  % F FAP on 80/100 mesh  Chromasorb AWA was u sed , w ith  operati ng 
cond i t i ons of : Col umn , �00 degrees C . , Inj ecti on Port , 1 50 degrees C . , 
and Detector , 1 55 degrees C .  The l i qu i d-l i qu i d  extracti on method 
was chosen due to the l arge number of sampl es that had to anal yzed . 
Di bromoethane was used as  an i nternal  standard . The pentane u sed for 
the THr� extractions  was prepared wi th 54 ppb of  d i bromoethane . Aqu eou s 
standards of the four THMs were prepared , extracted , and anal yzed u s i ng 
the same procedure as that for the sampl es . Fi gu re 5 s hows a standard 
curve , normal i zed u s i ng the internal standard . Fi gure 6 s hows a THM 
chromatogram . 
The vari abi l i ty of the pentane extracti on/THt,1 ana l ys i s  procedure 
was determi ned by anal yses of fi ve repl i cate extracti ons . The resu l ts 










Fi gure 4 .  Extracti on o f  Sampl e wi th Pentane . 
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O P E RAT I N G  COND I T I ON S  
COLUMN : 6 FT J 10% FFAP 
ON 80/100 CHROMABSORB 
COLUMN T EMP , 100°C 
I NJ ECTOR TEMP , 15Q�c 
DETECTOR TEMP , 155 C 






0 72 144 254 302 674 
RELAT I VE RETENT I ON T I ME ( S E C )  
Fi gu re 6 .  Sampl e Chromatogram o f  Standards . 
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Tab l e 8. Experimental Data I l l ustrati ng the Reproduci b i l i ty 
of the Pentane Extracti on/THM Ana l ys i s  Procedure 
Concentrati on 
Repl i cate CHC1 2Br CHCl Br2 
1 . 063 . 076 . 092 . 018 
2 . 067 . 079 . 094 . 018 
3 . 060 . 075 . 090 . 016  
4 . 059 . 070 . 087 . 016  
5 . 062 . 074 . 090 . 018 
Mean . 062  . 075 . 091  . 017 
Standard 
Devi ati on . 003 . 003 . 002 . 00 1  
Coeffi ci ent 
of Vari ati on % 5 . 0  4 . 4  2 . 9  6 . 4  
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Res i dua l  oxi dant measurements were made us i ng the i odometri c 
method gi ven i n  Standard Methods . 48 Because thi s method does not di s ­
ti ngui s h  between chl ori ne and bromi ne , the total res i dual oxi dant i s  
measured as one parameter. The presence of bromi de , whi ch i s  oxi di zed 
by ch l ori ne , may cause erroneous resu l ts usi ng  the i odometri c method , 
un l ess a speci fi c  order of mi x ing  the reagents i s  fol l owed.  Carpenter 
et �. 49 attri buted thi s error to the parti al oxi dati on of i odi de to 
i odate by hypobromous aci d .  Crece l i us50 recommended a mi xi ng  order 
l i sted i n  Standard Methods48 that wi l l  prevent erroneous resu l ts .  Be­
cause of the presence of l arge amounts of bromi de i n  s ome of  the experi ­
ments , thi s procedure was fol l owed for al l res i dual  oxi dant measurements . 
Because of the rel ati vely l ow l evel s of organi c carbon present i n  
the humi c aci d sol uti ons and the Tennessee Ri ver water , pretreatment 
of the sampl es pri or to TOC analyses was requi red. For sampl es con­
tai n i ng a h i gh fracti on of i norganic carbon , pretreatment i s  requi red 
to achi eve adequate sens i ti v i ty for the organi c  carbon fracti on.  Thi s 
pretreatment i nvol ves aci di fyi ng  the sampl e fol l owed by purgi ng wi th 
ni trogen to remove the i norgani c carbon . Duri ng  thi s purgi ng , some of  
the more vol ati l e  organi c compounds are al so  removed . Because of  th i s , 
the carbon analys i s  performed after purgi ng i s  termed 11 Non-vol ati l e  
total organi c carbon 11 (NVTOC ) . A Beckman 91 5 Total Carbon Analyzer was 
used for NVTOC analyses . The l evel s of NVTOC for the humi c aci d  and 
Tennessee Ri ver samp l es were at the l imi ts of detecti on for thi s i nstru­
ment. The 1 . 0 mg/1 h umi c aci d  sol uti on and Tennessee Ri ver water had 
NVTOC measurements of .8 mg/1 and 2 . 3  mg/1 , respecti vely.  For accurate 
measurements at these l evel s ,  a l ow l evel organi c  carbon i nstrument 
wou l d have been requ i red. 
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Two methods of bromi de ana lys i s  were used , but nei ther method was 
adequate for the raw water samp l es bei ng analyzed . An analys i s  proce­
dure gi ven i n  Standard Methods51  was used , as wel l as another method 
gi ven i n  a Worl d Heal th Organ i zati on publ i cation . 52 Both methods i nvol ve 
oxi di zi ng the bromi de wi th a chl ori ne speci es , fol l owed by col or de­
vel opmen t  and s ubsequent col orimetri c measurement .  A Perk i n-Elmer 1 90 
Spectrophotometer was used for the col orimetri c measurements . D i fferent 
types of pretreatments were used i n  an attempt to i mprove the analyses , 
i ncl udi ng fi l trat i on , concentrati on by evaporati on i n  a water bath , and 
dry ash i ng at 550 degrees C .  to remove organi c i nterferences . I t  was 
concl uded that i nterferences due to substances i n  the raw waters pre­
vented successfu l  bromi de analyses at the l ow l eve l s  of bromi de en­
countered. A new method of bromi de anaysi s  has been found to be s uc­
cessfu l  for even l ow l evel measurements i n  raw waters s uch as those 
exami ned i n  thi s study us i ng i on chromatography . Unfortunately , at 
the t ime of thi s  study ,  there was no access to an i on chromatograph . 
4 1  
IV .  RESULTS AND DISCUSS I ON 
Data Presentati on 
The comp l ete data sets for each experimental run are presented 
i n  tabu l ar form i n  Appendi ces A ,  B ,  and C .  The concentrati on of each 
of the tri hal omethane (THM ) speci es i s  presented as mi cromo l es per 
l i ter (u m/1 ) . Zero val ues represent sampl es bel ow detecti on l i mi ts 
for the parti cul ar speci es at the di l uti on used for s i mu l taneous 
ana l ys i s  for the four THM spec i es . Tabl e 9 summari zes the l ocati on 
of these data sets i n  the append i ces . Graphi ca l  representati on of the 
data from Appendi x  B i n  the form of formati on curves (TTHM vs . ti me ) 
i s  contai ned i n  Append i x  D .  Tab l e  1 0  provi des a key to the vari ab l e 
sets represented i n  each of these fi gures for reference . The resu l ts 
of the res i dual chl ori ne measurements are presented i n  Appendi x E .  
Humi c Aci d Stud i es 
Effect of Bromi de 
The experi ments i nvol vi ng a vari ati on i n  bromi de l evel at constant 
humi c aci d l evel , chl ori ne dose , pH , i on i c strength , and temperature 
c l earl y i ndi cate several trends . A dramati c i ncrease i n  TTHM y i e l d 
wi th an i ncrease i n  i n i ti al bromi de l evel i s  observed . Tab l e  l l  pre­
sents th i s  effect by a tabu l ati on of percent i ncrease i n  TTHM y i e l d 
wi th an i ncrease i n  bromi de for the 96 hour samp l es . F i gure 7 presents 
the re l ati onsh i p between the i n i ti al l evel of bromi de and the res u l t­
i ng TTHM yi e l d for the 9 6  hour sampl es . More than a two-fol d  i ncrease  
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Tab l e 9 .  Locat i on of Data Sets i n  the Append ixes 
EXPERIMENT PAGE LOCATION I N  
A 
Pure Humi c Aci d  Studi es 
Effect of Bromi de Level 100 
Effect of Chl ori ne Dose 1 01 
Effect of  Humi c Aci d  Level 1 02 
Effect of pH 1 03 
Effect of I o n i c  Strength 1 04 
Effect of Temperature 105 
Tennessee River Studi es 
Effect of Bromi de Level 106 
Effect of  Temperature 107 
A= I ndi v i dual  THM Speci es Concentrations , um/L 






1 1 0  
1 1 0  
1 1 0  
1 1 1  
1 1 1  
C= Percent of TTHt� Contr i buted b y  Each THr� Spec i es 
( i . e .  A/B x 100 )  
c 
1 13  
1 14 
1 1 5  
1 1 6  
1 17 
1 18 
1 1 9  
120  
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Tabl e 10 .  Summary of Append i x  0 ,  TTHM Formation  Curves 
EXPERIMENT 
Pure Humi c Aci d  Studi es 
Effect of Bromide Level 
Effect of Chl ori ne Dose at 0 mg/ L  Br­
Effect of Chl ori ne Dose at . 033 mg/L  Br­
Effect of Chl ori ne Dose at . 333 mg/L Br­
Effect of Hum i c  Aci d  Level at 0 mg/L Br­
Effect of Humi c Aci d  Level at . 033 mg/L Br­
Effect of Humi c Aci d  Level at . 333 mg/L  Br­
Effect of  pH at 0 mg/L Br -
Effect of pH at . 033 mg/ L  Br-
Effect of pH at . 333 mg/ L Br-
Effect of I o n i c  Strength at 0 mg/L Br­
Effect of I on i c  Strength at . 033 mg/L Br­
Effect of I on i c  Strength at . 333 mg/ L  Br­
Effect of Temperature at 0 mg/L Br­
Effect of Temperature at . 040 mg/ L  Br­
Effect of Temperature at . 400 mg/ L  Br­
Effect of Temperature at 4 . 000 mg/L Br-
Tennessee Ri ver Studi es 
Effect of Bromide Level 
Effect of Temperature at 0 mg/L Br- Added 
Effect of Temperature at . 040 mg/L Br- Added 
Effect of Temperature at . 400 mg/L Br- Added 
Effect of Temperature at 4 . 000 mg/L Br- Added 
PAGE  LOCAT I ON 





1 26  
1 27 
1 28 
1 29  






1 36  
1 3 7  
1 38  






Tabl e 1 1 . I n i ti a l Bromi de Vs . Percent I ncrease 
i n  TTHMs from Humi c Ac i d  
Bromi de Added 







1 . 00 
2 . 00 
4 . 00 
8 
% 
1 . 5  
9 . 2 
27 . 5  
45 . 8  
61 . 8  
73 . 3  
132 . 1  
139 . 0  
254 . 2  
Reacti on Time ( hrs ) 
24 48 72 
Increase over Omg/L  Br 
2 . 9  4 . 4  4 . 0 
1 1 . 9  5 . 9  7 . 2  
22 . 3  12 . 3  12 . 9  
28 . 2  29 . 1  36 . 5  
46 . 5  43 . 8  5 1 . 4  
53 . 5  62 . 1  56 . 6  
1 14 . 1 104 . 0  8 1 . 9  
156 . 6  135 . 5  106 . 0 
170 . 0  1 54 . 2  128 . 1 
96 
5 . 8  
12 . 8  
19 . 4  
43 . 8  
49 . 6  
72 . 1  
98 . 8  
1 12 . 0  















1 . 0  2 . 0  3 . 0  
I n i ti al  Bromi de Added , mg/L 
Fi gure 7 .  I n i ti al Bromi de Vs . TTHI·1 Formati on for 96 Hour 
Humi c Aci d  Sampl es . 
4 . 0  
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i n  TTHMs i s  observed at 4 . 0  mg/ 1 i n i ti a l bromi de compared to 0 mg/ 1  
i n i ti al bromi de . For a constant l evel of humi c aci d ,  the TTHM en­
hancement effect of bromi de appears to begi n to l evel off at the 
h i gher doses of bromi de . Thi s i s  probab l y due to a l imi ti ng  effect 
of a gi ven amount of humi c aci d  ava i l ab l e  for reacti on . Wi th i ncreas­
i ng l evel s  of  bromi de , an i ncreas i ng proporti on of the total avai l ab l e 
organ i c  precursors are used up . 
Th i s  l imi t i ng effect of the humi c aci d l evel i s  a l s o  noti ced i n  
Fi gure 8 ,  wh i ch i l l ustrates the rel ati onsh i p between i n i ti al bromi de 
added and the percent of the i n i ti al bromi de added . 
Another trend observed from the data i s  the s h i ft i n  the di stri ­
buti on of THMs toward the more h i gh l y  bromi nated spec i es wi th an i n­
crease i n  i n i ti a l  bromi de . F i gure 9 i l l ustrates the effect of bromi de 
on the di stri buti on of THM s peci es . CHC1 3 shows a steady decrease i n  
percent TTHMs wi th an i ncrease i n  i n i ti al bromi de . CHC 1 Br2 shows a 
peak i n  percent TTHM at about . 2  mg/ l  i n i ti a l  bromi de . CHC 1 Br2 shows 
a steady i ncrease i n  percent  TTHM wi th an i ncrease i n  i n i ti al bromi de . 
CHBr3 shows a steady i ncrease i n  percent TTHM wi th an increase  i n  i n i ti al  
bromi de . 
For a constant i n i t i al ch l or i ne dose , a vari ati on i n  bromi de ch anges 
the i n i t i al i norgan i c  C l /Br rat i o .  F i gure 1 0  i l l ustrates the re l at i on­
sh i p  between these i n it i al i norgan i c  Cl /Br rati os and resu l t i n g  THM C l /Br 
rat i os .  Th i s  trend substanti ates the finding  th at bromi ne i s  more reac­
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1 . 0  2 . 0  3 . 0 
Bromi de Added , mg/L 
Fi gure 8. I n i t i a l Bromi de Leve l Vs . % Bromi de Incorporated 
i nto THr�s . 
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I N I T I AL B ROM I DE J  MG/L 
Fi gure 9 .  I n it i al Bromi de Leve l  Vs . Percent Di stri but i on of THMs for 




4 . 0  
Cl/Br 




30 I • 
25 
20 
15 1 . �  
10 
5 
100 200 300 400 500 600 700 800 900 1000 1100 1200 
I N I T I AL I NORGAN I C  (cl/Br ) 
Fi gure 10 .  Ini t i a l  Inorgan i c  Cl /Br  Rati os Vs . 96  Hour THM Cl /Br Rati os for 
a Vari ation i n  I n i ti al  Bromi de . 
� 1.0 
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Effect of Chl ori ne Dose 
The res u l ts of the ch l ori ne dose vari ati on experiments i ndi cate 
that the l evel of ch l ori ne added can affect the TTHM yi e l d  and di stri ­
buti on of  speci es . Fi gure 1 1  i l l ustrates the rel ati onsh i p between 
chl ori ne dose and TTHM yi el d for the 96 hour sampl es . A non-l i near 
rel ati onsh i p i s  i ndi cated for the chl ori ne doses used . I t  appears 
that the effect of chl ori ne dose on TTHM yi e l d  i s  i nfl uenced by the 
l evel of bromi de . Tabl e 1 2  presents tabu l ati ons of the percent i n­
creas e  in TTHM yi e l d wi th an i ncrease i n  chl ori ne dose .  The d imi n i s hed 
effect of chl ori ne dose on TTHM yi e l d  at h i gher l evel s of bromi de i s  
probably rel ated to competi ti on between chl ori ne and bromi ne for a 
l imi ted amount of humi c aci d .  S i nce bromi ne i s  more reacti ve than 
ch l ori ne , at h i gher i ni ti a l  bromide l eve l s , a l ower l evel of pre­
c ursor i s  avai l ab l e to react wi th the avai l ab l e  ch l ori n e .  
The l evel o f  ch l ori ne dose a l so  affects the di stri but i on of  TTHM 
s pec i es . Tab l e 1 3  presents the percent TTHM di stri buti ons for the 
four THMs for the vari ous combi nati ons of  c 1 2 and Br
- . For CHC1 3 , 
at both l evel s of bromi de , an i ncrease  i n  chl ori ne dose yi el ds an 
i ncrease i n  percent TTHM . For CHC 1 2Br , at . 033 mg/1 Bromi de , an 
i ncrease i n  percent TTHM i s  observed . For CHC 1 Br2, for both l evel s  of  
bromi de , a decrease in  percent TTHM i s  found wi th an  i ncrease i n  
chl ori ne dos e .  For CHBr3 , a decrease i n  percent TTHM i s  observed wi th 
an i ncrease i n  chl ori ne dose . 
For a constant l evel of bromi de , a vari ati on i n  ch l ori ne dose 
changes the i ni ti al i norgani c C l /Br rati o .  Fi gure 1 2  i l l ustrates the 
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Tabl e 1 2 . Chl ori ne Dose Vs . Percent Increase i n  TTHMs 
for the 96 Hour  Sampl es 
Chl ori ne Dose Bromi de Over 2 . 5  mg/L Over 5 . 0  mg/L 
( mg/ L )  (mg/ 1 ) Dose Dose 
% Increase i n  TTHMS 
5 . 0  0 39 . 5  
10 . 0  0 64 . 9  18 . 2  
5 . 0  . 033 13 . 0  
10 . 0  . 033 16 . 0  2 . 7  
5 . 0  . 333 7 . 2  




Tab l e  13 . Percent Di stri but i on of THMs for a Vari ati on 
i n  Chl ori ne Dose , 96 Hour Samp l es 
Chl ori ne Dose , mg/L : 2 . 5  5 . 0  
Bromi de , mg/ L :  . 033 . 333 . 033 . 333 . 033 
% of TTHM 
67 . 6  7 . 2  7 1 . 3  12 . 9  73 . 4  
CHC1 2 Br 27 . 1  22 . 0  25 . 7  35 . 4  23 . 0  
CHCl Br2 5 . 3  46 . 2  3 . 0  41 . 8  3 . 6  
CHBr3 24 . 7  9 . 9 
10 . 0  
. 333 
15 . 8  
36 . 2  
40 . 0  
8 . 0  
Cl/Br 
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Fi gure 12 . I n i t i a l Inorgan i c  Cl /Br Rati os Vs . 
96 Hour THM Cl /Br Rati os . 
DOSE . 
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THM C l /Br .  Thi s  cou l d  be  expected due  to  the l ower reacti vi ty of  
chl ori ne compared to  bromi ne . The  C l /Br data from the ch l ori ne vari a­
ti ons at . 333 mg/1 bromi de i ndi cate the same trend but are not concl u­
s i ve .  
I n  s ummary ,  i t  appears that the rel ati ve effects o f  ch l ori ne dose 
on TTHM y ie l d and d i stri buti on are dependent on the l evel of the bromi de . 
For a constant l evel of humi c aci d ,  the effect of i ncreas i ng ch l ori ne 
dose on TTHM yi e l d  i s  dimi n i s hed at h i gher l evel s of  i n i ti al bromi de , 
due to i ncreas i ng competi ti on by bromi ne for the l imi ted ava i l abl e 
organ i c  precursors . 
Effect of Humi c Aci d  Level 
The resu l ts of the vari ati on i n  humi c aci d experiments i nd i cate 
that at a l l l eve l s  of bromi de an i ncrease i n  humi c aci d causes an i n­
crease i n  TTHM yi e l d .  F i gure 1 3  i l l ustrates the re l at i ons h i p between 
humi c aci d l evel and TTHM yi e l d  for the 96 hour sampl es . Tabl e 1 4  
presents the TTHM d i s tri buti ons at 96 hours . For the l evel s of humi c 
aci d used , CHC1 3 s hows a s l i ght i ncrease  i n  percent TTHM wi th an i n -
crease i n  humi c aci d for both l evel s of i ni ti al bromi de . CHC12B r  and CHC1Br2 
s h ow n o  con c l us i ve  trend for chan�e i n  perce n t  TTHM wi th  vari ati on i n  
humi c aci d l evel . CHBr3 shows a s l i ght i ncrease i n  percent TTHM wi th 
an i ncrease i n  humi c aci d l evel . Tab l e  1 5  i ndi cates the percent i n-
crease  i n  TTHM yi el d wi th an i ncrease i n  humi c aci d l evel s .  
The i n i ti al i norgan i c  C l /Br and resu l ti ng THM C l /Br rati os are 
tabul ated for the humi c aci d vari ati on data i n  Tabl e 1 6 .  Based on the 
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Tabl e 1 4 . Percent D i stri buti on of THMs for the Vari ati on 
in Humi c Aci d  96 Hour Sampl es 
THM Humi c Aci d ,  mg/ L :  . 5  1 . 0  2 . 0  
Bromi de , mg/ L :  . 033 . 333 . 033 . 333 . 033 . 333 
% of  TTHM 
CHC1 3 63 . 5  12 . 3  7 1 . 3  14 . 4  75 . 2  1 5 . 0  
CHC1 2Br 32 . 6  30 . 4  25 . 7  34 . 8  2 1 . 1  31 . 4  
CHCl Br2 3 . 9  48 . 1  3 . 0  41 . 3  3 . 6  43 . 7  
CHBr3 9 . 2  9 . 7  9 . 9  
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Tabl e 1 5 . Humi c Aci d  Level Vs . Percent I ncrease i n  TTHMs 
for the 96 Hou r Samp l es 
Humi c Aci d  
(mg/ L )  
1 . 0  
2 . 0  
1 . 0  
2 . 0  
1 . 0  
2 . 0  
Bromi de 







Over . 5  mg/L 
Humi c Aci d  Level 







Over 1 . 0 mg/L 
Humi c Aci d  Leve l 
i n  TTHMs 




Tabl e 1 6 .  Cl /Br Rati os for 96 Hour Humi c Aci d  Vari ati on Sampl es 
Hum i c Aci d  
( mg/l ) 
. 5  
1 . 0  
2 . 0  
. 5  
1 . 0  
2 . 0  
Br 







I n i t i a l  
Cl /Br 
343 . 9  
343 . 9  
343 . 9  
34 . 4  
34 . 4  
34 . 4  
96 hour TH�1 
Cl /Br 
6 . 40 
8 . 40 
9 . 60 
. 90 
1 . 00 
1 .  05 
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ratio ,  the res u l ti ng THM C l /Br rat i o  i s  dependent on the l evel of  humi c 
aci d .  For a constant ch l ori ne dose and l evel o f  bromi de , the THM C l /Br 
rati o decreases  wi th a decrease i n  h umi c aci d l evel . S i nce bromi ne i s  
more reacti ve than chl ori ne ,  i t  i s  not as dependent on the l evel of  
humi c aci d .  At  the  . 33 mg/1  bromi de l evel , the change i n  THM C l /Br 
associ ated wi th a change i n  h umi c aci d l evel i s  not as pronounced , 
probably because  at thi s  l evel of  bromi de , bromi ne i s  more predomi nant 
i n  formi ng THMs . I n  concl us i on , bromi nati on resu l ti ng i n  THMs i s  not 
as dependent on the h umi c aci d l evel as  ch l ori nati on . 
Effect of pH 
The enhancement of TTHM formati on at hi gher pH i s  observed for 
a l l l evel s  of bromi de exami ned . F i gure 1 4  i l l ustrates the rel ati on­
sh i p between pH and TTHM yie l d for the 96 hour sampl es . The overal l 
i ncrease i n  TTHMs wi th a i ncrease i n  pH i s  found to be greater at 
h i gher bromi de l evel s .  For the experiments wi th no bromi de added , 
a . 08 um/ 1 i ncrease i n  TTHMs per pH uni t i s  observed . 
Tabl e  1 7  presents the percent TTHM data for the 96 hour sampl es . 
The changes i n  di stri buti on wi th pH are not concl us i ve .  
An i ncrease i n  pH i s  known to i ncrease formati on o f  hal oforms by 
the cl as s i cal  hal oform reacti on . Al though the nature of  the reacti ons 
produci ng THMs from n atural humi cs i s  not wel l understood , apparently 
the mechani sm al s o  i nvol ves a base-catylyzed step . Al though the absol ute 
rates of hal oform formati on depend on the i n i ti a l  rate of carbani on 
. I 
I l-4 
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Tab l e 1 7 .  Percent Di stri but i on of  THMs for the Vari ati on i n  pH , 
96 Hour Sampl es 
pH 6 . 0  p H  7 . 0  pH 8 . 0  p H  9 . 5  
THM Br- (mg/ L )  . 033 . 333 . 033 . 333 . 033 . 333 . 033 . 333 
% of TTHM 
CHC1 3 69 . 3  18 . 5  7 1 . 3  12 . 9  17 . 9  1 1 . 9  72 . 6  12 . 3  
CHC1 2 Br 26 . 5  2 1 . 9  25 . 7  35 . 4  22 . 4  26 . 3  20 . 8  2 1 . 1  
CHC1 Br2 4 . 2  47 . 4  3 . 0  41 . 8  5 . 7  38 . 0  6 . 6  35 . 6  
CHBr3 12 . 2  9 . 9  23 . 8  3 1 . 0  
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formati on , whi ch i s  base-catalyzed , the resu l ti ng THMs formed are a l s o  
dependent o n  the hal ogenati on steps . The i ncreased rate of reacti on 
caused by an i ncrease i n  pH coupl ed wi th the i ncreased rate of hal o­
genati on by bromi ne wou l d  resu l t in an overal l  enhancement  i n  TTHM 
yi e l d .  Thi s i s  apparent from data i nvol vi ng h i gh pHs and a l so  hi gh 
l evel s  of bromi de . 
I n  addi ti on to the enhancemen t  i n  THM formati on due to the base-
cata lyzed effect caused by an i ncrease i n  pH , another effect of pH on 
THM formati on i s  poss i b l e .  For a mi xed system i nvol vi ng chl ori ne and 
bromi ne speci es ,  the concentrati ons of the i ndi vi dual ha l ogen speci es 
are al so  dependent on  pH . Thi s was noted i n  F i gure 2 , Secti on I I ,  page 1 5 .  
For gi ven i ni ti al bromi de and chl ori ne l evel s ,  the concentrati ons of 
the resu l ti ng HOCl , OCl - , HOBr , and OBr- change wi th pH . Al though the 
rel ati ve reacti vi ti es are not known for these hal ogen s peci es for THM 
reacti ons , i t  i s  assumed that a l l four  can parti ci pate i n  the hal o­
genati on steps . 1 5  S i nce the rel ati ve concentrati ons of these speci es 
change wi th pH , i f  the i r  reacti vi ti es are di fferent , an addi ti onal fac­
tor affecti ng THM formation and di stri buti on caused by pH may exi st .  
I t  i s  evi dent that the reacti vi ti es of  ch l ori ne speci es compared to 
bromi ne s peci es are di fferent , but the di fferences between the reac-
ti vi ti es of the hypoha l ous aci ds compared to the hypohal i tes are not 
known . Such di fferences mi ght expl a i n  s ome of the vari ati on i n  percent 
TTHM di stri buti on at di fferent pHs . Aga i n  referri ng to Fi gure 2 i n  C hapter 
2 , i t  is noted that the pH regi on 6 . 0  to 9 . 5  i s  a very cri ti cal range 
i n  terms of rel ati ve concentrati ons of the chl ori ne and bromi ne s pec i es . 
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I n  summary , the effect of pH on THM formati on may be due to two 
factors . F i rst , the enhancement of THM formati on due to the cata lyz i ng 
effect of hydroxi de i ons on the THM react ions . Second , the effect o f  
p H  o n  the di stri buti on of hal ogen s peci es wh i ch are i nvol ved i n  THM 
reacti ons may cause a change i n  TTHM yi e l d  and d i s tri buti on . 
Effect of I on i c  Strength 
No s i gn i fi cant  effect of i on i c  strength on TTHM yi e l d  or di s tri bu­
ti on was observed . Tabl e 1 8  and Tabl e 1 9  present representati ve data 
of TTHM yi e l ds and di stri buti ons for the three i on i c  strengths exami ned . 
S i nce there are i on i c  speci es i nvol ved i n  the THM reacti on , i nc l udi ng 
forms of  the hal ogens and organi c  precursors , an  i on i c strength effect 
mi ght be expected . 
The di stri buti on of hal ogen s peci es woul d be affected by a change 
i n  i on i c  strength . An i ncrease i n  i on i c  strength wou l d  sh i ft the 
equ i l i bri um toward the i on i c  speci es of  bromi ne and chl ori ne , of wh i ch 
only the hypoha l i tes are capabl e of reacti ng to form THMs . 
Al though the THM reacti on i nvol ved i n  water treatment ch l ori nati on 
is  not wel l understood , i t  is  ass umed that i t  has a s i mi l ar mechan i sm 
to that  of the cl ass i cal  hal oform reacti on . I f  so , i t  cou l d  i ncl ude 
base-cata lyzed proton d i ssoci ati ons , carbani on i ntermed i ates , and 
e l ectoph i l i c  attacks by hal ogen speci es .  Thi s woul d  s uggest a pos s i b l e  
i on i c  strength effect . 
Consi deri ng these poss i bi l i ti es for an i on i c  strength effect on 
the THM reacti on , the l ack  of s uch an effect observed i n  these experi -
ments may be due to the experimental condi ti ons used . The use  of  
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Tabl e 18 . Representati ve Percent Di stri but i on Data for the Ion i c  
Strength Experiments 
T ime ( hrs ) :  8 48 96 
THM I on i c  Strength : . 015 . 075  . 150 . 0 15 . 075 . 150 . 015 . 075 . 150 
% of TTHMs 
( . 033 mg/L Br- ) 
CHC1 3 74 . 8  75 . 3  75 . 5  73 . 8  76 . 1  75 . 7  72 . 7  7 1 . 9  72 . 6  
CHC1 2Br 20 . 6  19 . 6  20 . 2  22 . 6  20 . 3  20 . 2  24 . 1  25 . 0  24 . 3  
CHC1 Br2 4 . 5  5 . 1  4 . 3  3 . 6  3 . 6  4 . 1 3 . 1 3 . 1 3 . 1 
CHBr3 
( . 333 mg/L Br- ) 
CHC1 3 17 . 7  18 . 3  1 9 . 4  15 . 0  14 . 5  14 . 0  12 . 9  12 . 7  12 . 7  
CHC1 2Br 27 . 4  L8 . 2  29 . 2  36 . 5  36 . 2  35 . 4  34 . 9  34 . 3  35 . 9  
CHC1 Br2 42 . 8  4 1 . 8  38 . 9  38 . 3  38 . 9  39 . 6  41 . 8  42 . 8  41 . 1  
CHBr3 12 . 1  1 1 . 7  12 . 5  10 . 1 10 . 4  1 1 . 0  1 0 . 4  10 . 2  10 . 2  
Ioni c 
Strength 
. 0 15  
. 075 
. 150  
Tabl e 1 9 . Representati ve TTHM Y ie l d Data for the Vari ati on  i n  
Ioni c Strength Experiments 
Reacti on 8 48 
Time ( hrs ) : 
Bromide (mg/L ) : 0 . 033 . 333 0 . 033 . 333 
TTHM ( llm/L ) 
. 130 . 155 . 2 1 5  . 2 10 . 2 1 1  . 326 
. 135 . 158 . 2 13 . 208 . 222 . 337 
. 136 . 163 . 2 16 . 2 13 . 2 18 . 328 
96 
0 . 033 . 333  
. 265 . 295 . 404 
. 263 . 292 . 402 O'l O'l 
. 259 . 288 . 40 1  
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d i fferent pHs and a wi der range of i on i c  strengths may have been 
necessary i n  order to observe an effect on THM react i on due to i on i c  
strength . Under the condi ti ons that were used the i on i c strength 
effect may have been so s l i ght as to not be s i gn i fi cant . 
Effect of Temperature 
A s ubstanti a l  i ncrease i n  THM yi e l ds wi th an i ncrease i n  tempera­
ture was observed for al l l evel s  of bromi de . F i gures 1 5 ,  1 6 ,  1 7 ,  1 8 ,  
and 1 9  i l l ustrate the rel ati onshi ps between temperature and the res u l t­
i ng CHC 1 3 , CHC 1 2Br , CHC1 Br2 , CHBr3 , and TTHM respecti vely . I t  appears 
that the temperature dependence of THM yi el d i s  affected by the l evel 
of bromi de . CHC 1 3 formati on demonstrates a decreas i ng dependence on 
temperature wi th i ncreasi ng bromi de . CHC 1 2Br and CHC 1 Br2 appear to 
have maximum temperature dependences apparently at the l evel s of bromi des 
that correspond to the predomi nances of these THMs . CHBr3 format i on 
demonstrates an i ncreas i ng temperature dependence wi th i ncreas i ng 
bromi de . Wi th i n  the temperature range exami ned and experimental error , 
fai rly l i near re l ati onshi ps between temperature and THM y ie l d are obser­
ved . Tabl e 20 presents the resu l ts of l i near regress i ons on these 
rel ati onsh i ps .  Al though not a l l of the l i near regress i ons are s tati s­
ti ca l ly  acceptabl e ,  for comparati ve purposes , the s l opes ( THM um!y/0 c ) 
i l l u strate the effect of bromi de on THM temperature dependence . The 
l ack of l i neari ty observed i n  s ome cases may be due to the added vari a­
tion from one or more of the factors affecti ng THM formati on . For 
exampl e ,  at the h i gher temperatures and h i gher bromi de l evel s ,  a l imi ta­
ti on due to the humi c aci d l evel may affect the THM y ie l d .  Thi s the 
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Fi gure 17 . Temperature Vs . 96 Hour CHCl Br2 Formati on 
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Tabl e 20 . L i near Regress i on Data for the Temperature Vs . THM 
Yi el d Rel ati onsh i ps for the Humi c Ac i d  Experiments 
THM Br- (mg/ l ) 
CHC1 3 0 
CHC1 3 . 04 
CHC1 3 . 40 
CHC1 3 4 . 00 
CHC1 2Br . 04 
CHC1 2 Br . 40 
CHC1 2Br 4 . 00 
CHC1 Br2 . 04 
CHC1 Br2 . 40 
CHC1 Br2 4 . 00 
CHBr3 . 40 
CHBr3 4 . 00 
TIHM 0 
TTHM . 04 
TTHM . 40 
TTHM 4 . 00 
Carr . Coef . 
( R ) *  
. 9909 
. 9661 
. 95 13 
1 . 000* 
. 9609 
. 9645 









. 98 1 1  














. 01 16 
. 0191  
. 0170 
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The percent di stri buti on data for the 96 hour sampl es are presented 
i n  Tab l e 2 1 . No  concl us i ve evi dence of a temperature effect on TTHM 
di stri buti on i s  noti ced . 
Al though both the i n i ti al based catalyzed reacti on and subsequent 
hal ogenati on steps i nvol ved i n  the THM react i on s hou l d be temperature 
dependent , the greatest effect of temperature i s  probably associ ated 
wi th the i n i ti a l base catalyzed effect . Thus wi th an i ncrease i n  
temperature , a greater amount of THM i ntermedi ates are avai l abl e for the 
hal ogenati on steps , the products of whi ch wi l l  depend on the rel ati ve 
and abso l ute l evel s of bromi ne and chl ori ne avai l abl e for react i on . 
I n  concl us i on , the resu l ts of the temperature vari ati on experiments 
i ndi cate that the temperature dependence of THM formati on i s  affected 
by the l evel of bromi de . No  concl us i ve evi dence of a temperature 
effect on THM d i s tri buti on i s  found . 
Tennessee R i ver Studi es 
The Tennessee Ri ver studi es i nvol ved l aboratory ch l ori n ations  of  
se ttl ed ,  fi l tered Tennessee Ri ver water . One batch of  raw water was 
used for the chl ori nati ons . The fi l tered Tennessee Ri ver sampl e had a 
NVTOC of 2 . 3  mg/1  and a pH of 7 . 4 .  
Effect of Bromi de 
The experiments i nvol v i ng  the effect of bromi de i nd i cate the s ame 
trends as the humi c acid  bromi de experi ments . Agai n ,  a dramati c  i ncrease 
i n  TTHMs as we l l  as a sh i ft i n  THM d i s tri buti on i s  observed wi th an i n­
crease i n  added bromi de . Tab l e 22  demonstrates the i ncrease i n  TTHM 
CHC 1 3 
CHC1 2Br  
CHC1 Br2 
CHBr3 
Tabl e 2 1 . Percent Di stri buti on Data for the Vari ation  i n  Temperature 
Experi ments Us i ng Humi c Ac i d  
Temperature : 
( Cel c i us ) :  1 0  2 0  
Bromi de (mg/L ) : . 04 . 40 4 . 0 . 04 . 40 4 . 0 . 04 
-
% of TTH�1 
62 . 6  9 . 8  3 . 1 64 . 6  8 . 8  2 . 2  68 . 8  
32 . 1  26 . 8  2 . 8 29 . 2  25 . 5  2 . 4  25 . 5  
5 . 3  42 . 5  1b . 4  6 . 2  44 . 8 1 1 . 8  5 . 7  
- - - - 20 . 9  7 7 . 7  - - - - 20 . 9  83 . 6  - - - -
30  
. 40 4 . 0  
10 . 3  2 . 1  
29 . 1  2 . 6  -....J U1 
43 . 6  12 . 9  
17 . 0  82 . 4  
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Tabl e 22 . I n i ti al Bromi de Vs . Percent I ncrease i n  TTHMs , 
Tennessee Ri ver Sampl es 
Bromi de Added Reacti on Time ( hours ) 
mg/L  8 24 48 72 96 
-
% I ncrease over Omg/L Br 
. 01 3 . 6  1 . 2  2 . 4  1 . 9  2 . 1  
. 02 7 . 9  6 . 3  5 . 7  4 . 4  6 . 2  
. 04 15 . 3  1 0 . 3  15 . 1  14 . 6  14 . 5  
. 10 2 1 . 9  25 . 1  20 . 3  17 . 3  14 . 8  
. 20 36 . 4  27 . 9  26 . 3  27 . 1  25 . 1  
. 40 47 . 1  38 . 2  40 . 2  42 . 7  43 . 3  
1 .  00 71 . 2  57 . 0  62 . 1  65 . 3  67 . 8  
2 . 00 82 . 7  8 1 . 6  85 . 8  90 . 5  88 . 4  
4 . 00 84 . 1  96 . 7  99 . 4  100 . 1 99 . 5  
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yi e l d  by a tabu l ati on of percent i ncrease in  added bromi de . Fi gure 
20 presents the rel ati onsh i p between the i n i ti al l evel of bromi de 
and the res ul ti ng TTHM y i e l d  for the 96 hour sampl es . More than a 
twofol d i ncrease i n  TTHMs i s  observed at 4 . 0  mg/L i ni ti al bromi de 
compared to no bromi de added . Agai n ,  the TTHM enhancement  effect due 
to bromi de appears to l evel off at a hi gher l evel of Br- . A s h i ft to­
ward the more h i ghly bromi nated THM s peci es wi th an i ncrease i n  i n i ti a l 
bromi de i s  observed . F i gure 2 1  i l l ustrates the effect of bromi de on 
THM di s tri buti on for the 96 hour sampl es . CHC1 3 shows a decrease i n  per­
cent TTHM wi th an i ncrease i n  i n i ti al bromi de . CHC 1. 2Br shows a peak 
i n  percent TTHM at about . 4  mg/L bromi de added . CHC 1 Br2 s hows a peak 
i n  percent TTHM at about 1 . 0 mg/L bromi de added . CHBr3 s hows a con­
ti nuous i ncrease i n  percent TTHM wi th an i ncrease i n  bromi de added . I n  
a compari son o f  the peak percentages for CHC 1 2Br between humi c aci d and 
Tennessee Ri ver experiments , i t  i s  noti ced that the l evel s of  bromi de 
at wh ich  these peak percentages occur are di fferent .  L i kewi se the l evel s 
of bromi de for peak percentages of CHC 1 Br2 are di fferent .  These d i f­
ferences may be due to a d i fference i n  bromi de demand . The ri ver water 
coul d  conta i n  consti tuents not found i n  the pure humi c aci d sol uti ons 
whi ch coul d  ti e up bromide , s uch as ammoni a ,  other i norgani c  reductants , 
or  organi c  materi a l . Thi s cou l d expl a i n  the h i gher l evel s  of  added 
bromi de associ ated wi th the peak percents of TTHMs contri buted by 
CHC1 2Br and CHC 1 Br2 . 
Because the i n i ti al bromi de l evel of the Tennessee Ri ver raw water 
was not determi ned , an eva l uati on of i n i ti al i norgan i c  C l /Br rati os 
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Effect of Temperature 
As observed i n  the humi c aci d studi es , the Tennessee Ri ver experi -
ments i nvol vi ng a vari ati on i n  temperature i ndi cated a temperature ef-
feet on THM yi e l d  for a l l  l evel s of bromi de . F i gures 22 , 23 , 24 , 25 ,  
and 26 i l l ustrate the rel ati onsh i p between temperature and the resu l t-
i ng CHC1 3 , CHC 1 2Br , CHC 1 Br2 , CHBr3 , and TTHMs res pecti vely . Agai n ,  the 
rel ati ve effect of  temperature on THM yi e l d  appears to be rel ated to the 
l evel of bromi de . Tab l e  23  presents the resul ts of l i near regress i ons on 
these rel at i onsh i ps .  As wi th the humi c aci d studi es , not a l l of the re­
gress i ons  are stati st i cal ly s i gni fi cant , but a compari s on of the s l opes 
( THM , u m;y/0c ) of the regress i ons i l l ustrate the effect of bromi de on 
THM temperature dependence . The percent d i s tri buti on data for the 96 
hours sampl es are presented i n  Tab l e 24 .  No  concl us i ve evi dence of a 
temperature effect on TTHM di stri buti on i s  noti ced . 
Compari son wi th Previ ous Research 
The genera l  effects of organ i c  precursor l evel , chl ori ne dos e , pH , 
temperature , and bromi de l evel on THM formati on have a l l been reported 
by previ ous research . I n  most cases , a di rect compari son of the res u l ts 
of th i s  study wi th those of others i s  not poss i bl e  because of di fferences 
i n  experimenta l  condi ti ons . 
The effects of bromi de on THM yi el d and di stri buti on observed i n  
4 . 34 thi s  s tudy compare wi th those found by Rook , Bunn � � - , Lange and 
Kawcyznsk i , 35 Carns  and Sti nson , 36 and Trussel l and Umphres . 1 8  
I n  th i s  study , the effect of chl ori ne dose on THM formati on was found 
to be dependent on the l evel of bromi de . Rook4 found an i ncrease i n  
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Tab l e 23 .  L i near Regress i on Data for the Temperature Vs . THM Yi e l d 
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Tabl e 24 . Percent Di stri buti on Data for the Vari ati on i n  Temperature Experi ments 
Us i ng Tennessee Ri ver Water , 96 Hour Sampl es 
Temperature , C .  10  20 30 
Bromi de , mg/L 0 . 04 . 40 4 . 0  0 . 04 . 40 4 . 0  0 . 04 . 40 
% of TTHM 
90 . 7  70 . 9  26 . 5  7 . 0  92 . 7  74 . 5  26 . 4  6 . 4  94 . 1  79 . 1  34 . 5  
7 . 4  1 9 . 8  35 . 2  8 . 0  5 . 8  17 . 7  36 . 8  7 . 6  4 . 7  14 . 8  32 . 5  
1 . 9  9 . 3  23 . 4  19 . 7  1 . 5  7 . 8  23 . 6  20 . 4  1 . 2  5 . 7  20 . 7  
- - - - - - - - 14 . 9  65 . 3  - - - - - - - - 13 . 1  65 . 6  - - - - - - - - 12 . 3  
4 . 0  
5 . 9  
7 . 5  
co 
17 . 7  ......., 
69 . 0  
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ch l ori ne  dose i ncreased TTHM yie l d ,  of wh i ch about 50% were bromi nated 
THMs . Zagors ki et a 1�7 found chl ori ne dose to affect CHC1 3 yi el d ,  but 
not CHC1 2Br y ie l d .  I n  hi s work , apparently the l evel o f  i n i ti al bro­
mide was rel ati vely l ow .  Lange and Kawcyzas ki  found that as chl ori ne 
dose i ncreased there was a THM sh i ft to more chl ori nated THMs and l es s  
bromi nated THMs , but that the TTHM i n  � g/ 1  remai ned the same . However ,  
a convers i on to um/ 1  i ndi cates that an i ncrease i n  ch l ori ne dose d i d  i n-
crease the TTHM yi e l d .  I n  thei r work the i ni ti al l evel s of  bromi de were 
rel ati vely h i gh . The di fference i n  chl ori ne dose trends observed among 
these s tudi es may be due to di fferences i n  i ni ti al bromi de l evel s , based 
on the resul ts of thi s present s tudy . 
The effect of  humi c aci d l evel on  THM formati on has been demonstrated 
by Stevens , et _g] .  7 The TTHM yi e l ds measured i n  the present study for 
humi c aci d l evel s  used are comparabl e to those measured i n  Steven ' s  
work . 
The effect of pH found i n  the present study compare wi th that repor.ted 
by Stevens ,  et _gJ, 7 who ex ami ned the change i n  CHC1 3 wi th a change i n  pH 
from 6 . 5  to 1 1 . 5 .  By cal cul ati on , a . 08 u m/1 i ncrease per pH uni t was 
found , whi ch i s  the same rate of change i n  the present study for no i n i ­
ti a l  bromi de added . Zagorski _e1: _g].27 observed an i ncreas e  i n  CHC1 3 wi th 
an i ncrease i n  pH , but no s i gn i fi cant change i n  CHC1 2Br wi th an i ncrease  
i n  pH . Lange and  Kawcyzns ki , 35 in  a s tudy of a raw water contai n i ng a 
rel ati vely h i gh bromi de content , found that an i ncrease i n  pH only i n­
creased CHBr3 formati on . Agai n ,  the l evel of i ni ti al bromi de may expl a i n 
the di fferent trends found by these studi es , based on the resu l ts of  the 
present study .  
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Keepi ng i n  mi nd the effect of bromi de on THM temperature dependence 
found i n  th i s  study , the temperature effect resu l ts agree wel l  wi th those 
reported in previ ous research . Stevens _g1: ..ill.? reported the temperature 
dependence of CHC1 3 us i ng humi c aci d so l uti ons . By ca l cu l ati on , thi s  
dependence was about ( . 04 um/ 1  CHC 1 3 
°C )  wh i ch i s  wi th i n  the range re­
ported for CHC1 3 i n  the present study .  Zagors k i  _et _a]. 
27, i n  a s tudy 
us i ng Oh i o  R i ver water ,  found a strong temperature dependence for CHC1 3 
( . 020 u m/ 1  CHC1 3 
°C ) , wi th a much smal l er temperature dependence for 
CHC 1 2Br  ( . 002 um/ 1  CHC1 2Br 
°C ) . A rel ati vely l ow i ni ti al bromi de con-
tent i s  apparent , based on the THM di s tri buti ons reported . These be­
havi ors are cons i stent wi th the concl us i ons of the temperature effects i n .  
the present s tudy , taki ng i nto cons i derati on the bromi de effect on tempera­
ture dependence . 
Compari son of THM Format i on H i t h  F irst  Order React i on Ki net i cs 
The THM format i on curves resul ti ng from t he chl ori na t i on experi ments 
suggested that THM ki net i cs m i g ht be approximated by a s impl e fi rst order 
k i net i c  model . Based on the measured THM data , computer s imul ati ons of 
THM formati on were devel oped . A non-l i near l east squares approximati on 
method was ut i l ized ,  assum i ng s i mpl e fi rst order k i net i cs . The expres s i o n  
used was : 
THM ( t )  
= 
where TH�1 ( t )  = 
THM ( f )  
= 
k = 
( - kt ) TH�,t ( f )  1 - e 
THM val ue  at t ime 
Fi nal  THM val u e  
( t )  
rate constant , hr-1 
t = t ime , hrs . 
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Compari sons of  the predi cted THM formati on curves based on fi rst 
order fi ts and the actual measured THr�1 formati on curves i nd i cated that 
general ly  fi rst order ki net i cs do not accu ratel y descri be THM format i on . 
The trend observed i n  most of the compari sons i s  i l l ustrated i n  Append i x  
F ,  Fi gure 49 .  I n  genera l , the predi cted THM val ues overes timated the 
measured val ues duri ng the earl i er port i on  of the 96 hour react i on per i od , 
and underesti mated the measured va l ues duri ng the l ater port i on . A com­
pari son of the rate constants ( k ) for the vari ous experi ments d id  not 
i nd i cated any s i mpl e trends , pro ba bly  because the fi rst order model was 
not a good approximat i on . 
An i ndepth analys i s  of the ki net i cs of THtvl formati on was beyond the 
scope of th i s thes i s .  However , such a study cou l d  be very val uabl e ,  and 
the data from thi s  thes i s  cou l d  be used for such a purpose .  
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V .  SUMMARY AND CONCLUSIONS 
The purpose of thi s  s tudy was to exami ne the effect of bromi de on 
THM formati on . L ab-scal e ch l ori nati ons us i ng humi c aci d so l uti ons were 
made under contro l l ed cond i t i ons  of humi c aci d l evel � i on i c  s trength , 
pH , chl ori ne dos e � and temperature under varyi ng condi ti ons of i ni ti al 
bromi de . THM formati ons were moni tored over 96 hour reacti on peri ods . 
S imi l ar experimen ts were made us i ng Tennessee Ri ver water under varyi ng 
condi ti ons of i ni ti a l bromi de and temperature . 
The s i gni fi cant concl us i ons deri ved from thi s  s tudy are : 
1 .  Bromi ne i s  more reacti ve than chl ori ne i n  formi ng THMs . 
2 .  The l evel of bromi de has an effect on TTHM yi el d and 
di s tri buti on .  
3 .  The rel ati ve effect o f  p H  o n  TTHM yi e l d  i s  dependent o n  the 
l evel of bromi de . 
4 .  Ch l ori nati on resu l ti ng i n  THMs i s  more dependent on the 
l evel of humi c aci d than bromi nati on resu l ti ng i n  THMs . 
5 .  The rel ati ve effect o f  pH on TTHM yi e l d  i s  dependent on 
the l evel of bromi de . 
6 .  The temperature dependence of CHC 1 3 formati on decreases 
wi th an i ncrease i n  i ni ti a l  bromi de . 
7 .  The temperature dependence of CHC1 2Br format i on i s  greatest 
at  the l evel of bromi de correspondi ng to the predomi nance of 
CHC1 2Br i n  the TTHM di s tri buti on . 
8 .  The temperature dependence of CHC1 Br2 formati on i s  greatest  
at the  l evel of bromi de correspondi ng to the  predomi nance of 
CHC l Br2 i n  the TTHM di s tri buti on . 
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9 .  The temperature dependence of CHBr3 formati on i r.creases wi th 
an i ncrease i n  i n i ti al bromi de . 
1 0 .  The ki net i cs of THM format i on are not wel l approximated by a 
s i mpl e fi rst order model , based on the measu red THM data from 
thi s  study . 
Recommended Further Studi es 
Based on the resul ts of th i s  s tudy , the fol l owi ng recommendati ons 
for further study are presented : 
l .  A s tudy i nvol v i ng the compari son of raw water bromi de 
l evel s ( i n  addi t i on to other known THM factors ) to 
fi n i s hed water THMs . 
2 .  An extens i ve survey of raw water bromi de l evel s and the i r 
fl uctuati ons . ( U s i ng i on chromatography for bromi de 
analys i s )  
3 .  A k i neti c study of THM formati on i nvol v i ng varyi ng l evel s of 
bromide , extens i ve and accurate moni tor ing  of i n i t i a l  TOC ,  
total organ i c  chl ori ne and bromi ne , and the THMs . Computer 
s imu l ati ons  based on h i gher order k i net i c  model s cou l d t hen 
be more readi ly uti l i zed and veri f i ed . 
4 .  A study i dent i fying  add i t i ona l  non-THM ha l ogenated organ i cs 
formed i n  the chl ori nati on of dri n ki ng water . 
5 .  A study i nvol v i ng actual raw water i nstead of hum i c  ac i d  
so l ut i ons , s imi l ar t o  the present study . 
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APPEND IX  A 
THM DATA 
l 00 
Tab l e  25 .  THM Data for the Effect of Bromi de Level from Humi c Ac i d  
Reacti on T i me ( h rs . )  
Br- 2 4 8 24 48 72 96 
(mg/L)  
CHC13 ( um/L ) 
00. 00  0 . 066 0 . 09 1  0 . 1 1 7  0 . 1 3 1  0 . 1 70 0 . 203 0 . 21\9 0 . 258 
. 0 1  .065 . 087 . 1 1 4 • 1 20 . • 1 59 . 1 92 . � 3 7  . 2 5 1  
. 02 .063 . 080 . 1 1 0 . 1 19 . 1 57 • 1 7 5  . 2 1 7  . 237 
. 04 .056 . 065 . 094 . 1 1 3 . 1 40 • 1 4 7  • 1 81 . 1 99 
• 10  . 046 . 057 .065 . 082 . 096 . 1 03 . 1 4 8  . 1 7 1  
.20 .028 . 034 . 036 . 0 5 1  . 063 . 072 .078 . 078 
. 40 . 0 1 8  . 023 . 029 . 030 . 030 . 033 . 036 . 039 
1 . 00 . 0 1 5  . 02 1  .024 . 027 . 02 8  . 0 2 8  . 02 8  .032 
2 . 00 . 0 1 2  . 0 1 8  . 0 2 1  .024 .025 .025 . 0 2 5  .026 
4 . 00 .004 .005 . 007 . 008 . 0 1 0  . 0 1 2  . 0 1 2  . 0 1 3  
CHC1 2Br (um/L )  
00 .00 .000 . 000 . 000 . 000 . 000 . 000 .000 . 000 
. 0 1  . 005 . 006 . 0 1 1 . 0 1 1 . 0 1 4  . 0 1 7  . 0 1 9  . 0 1 9  
. 02 .008 . 0 1 3  . 0 1 7  . 020 .029 . 036 . 046 . 049 
. 0 4  . 0 1 8  . 028 . 033 . 044 .057 . 069 . 083 . 090 
. 10 .020 . 036 ,042 . 064 . 0 7 1  . 097 . 1 2 1  . 1 27 
. 2 0  .024 . 035 . 042 . 054 . 0 7 1  . 097 . 1 2 1  • 1 2 7  
. 40 . 020 .028 . 038 . 0 5 1  . 066 . 089 . 1 08 . 1 1 3 
1 . CO  . 0 1 0  . 0 1 1  . 02 3  . 030 .029 . 0 5 1  . 055 . 068 
2 . 00  . 006 . 009 . 0 1 1 . 0 1 4  . 0 1 8  . 0 2 1 .027 .024 
4 . 00 . 004 . 005 . 00 5  . 007 . 008 . 01 0  . 0 1 3  . 0 1 4  
CHC1 Br2 {um/L ) 
00 .00 . 000 .000 . 000 . 000 . 000 . 000 . 000 . 000 
. 0 1  .000 . 000 . 00 1  . 002 .002 . 003 . 003 . 003 
. 02 .002 . 00 2  . 003 . 004 . 004 . 004 . 004 . 00 5  
. 04 . 003 . 1)08 . 01 0  . 0 1 0  . 0 1 1 . 0 1 2  . 0 1 4  . 0 1 9  
. 10 . 0 1 5  .028 . 037 . 045 . 0 5 1  . 062 . 07 1  . 073 
. 20 .035 . 049 . 064 . 07 1  . 092 . 1 06 • 1 3 7  . 1 4 7  
. 40 .045 . 069 . 086 • 101 . 1 1 9 . 1 43 . 1 75 . 199 
1 . 00 .043 . 073 . 098 . 1 1 7 . 1 34 . 1 47 • 1 73 . 205 
2 . 00 .038 . .059 . 069 .076 . 097 . 107 . 1 1 0  . i l 8  
4 . 00 .022 . 037 . 039 . 04 1  .054 . 063 . 064 . 059 
CHBr3 { um/L ) 
I ' . 
00. 00 . •  000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 
. 0 1  .000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 
. 02 .000 . 000 . 000 . 000 . coo . 000 . 000 .000 
. 04 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 
• 10  .000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 
. 20 . 0 1 0  . 0 1 2  . 0 1 3  . 0 1 6  . 0 1 8  . 0 2 1  . 025 . 0 2 5  
. 4 0  . 023 . 034 . 039 . 042 . 046 . 064 . 07 1  . 093 
1 .00 . 049 .065 . 093 . 1 30 • 173 . 1 88 • 1 97 . 208 
2 . 00 . 080 . 1 31  . 1 73 . 1 99 . 296 . 325 . 3 5 1  . 379 
4 . 00  • 1 1 9  . 1 77 . 242 . 277 . 387 . 4 3 1  . 479 . 49 1  
1 01 
Tab l e  26 . THM Data for the Effect of Chl ori ne Dose  
' ·-
React i on T ime (hrs . )  
2 4 8 24 48 72 96 
C 1  Br-
(mg/L)  (mg/L ) 
CHC1 3 ( um/l ) 
2 . 5  0000 . 056 . 063 . 099 . 1 22 . 1 35 . 1 � 0  . 1 62 . 1 85 
5 . 0  0000 . 066 . 09 1  . 1 1 7  . 1 37  . 1 70 . 203 . 249 . 258 
1 0 . 0  0000 . 035 . 1 1 7  . 1 58 . 1 75 . 204 . 224 . 290 . 305 
2 . 5  . 033 . 040 . 044 . 06 5  . 085 . 086 . 1 1 1  . 1 52 . 1 77  
5 . 0  . 033 . 051 . 069 . 1 0 7  . 1 1 6 . 1 49 . 1 67  . 1 99 . 2 1 1 
1 0 . 0  . 033 . 05 7 . 083 . 1 1 9 . 1 7 5  . 230 . 25 1  . 266 . 273 
2 . 5  . 333 . 0 1 6  . 01 8  . 022 . 023 . 024 . 025 . 026 . 02 7  
5 .0 . 333 . 0 1 5  .02 1  . 034 . 037 . 044 . 048 . 05 1  . 0 5 2  
1 0 . 0  . 333 . 023 . 028 . 039 . 048 . 057 . 060 . 063 . 06 5  
CHC1 2Br ( um/L ) 
2 . 5  0000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 
5 . 0  0000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 
1 0 . 0  0000 . 000 . 000 . 000 . 000 . 000 . coo . 000 . 000 
2 . 5  . 033 . 0 1 0 . 0 1 4 . 02 7  . 030 . 040 . 052 . 06 4  . 07 1  
5 . 0  . 033 . 0 1 4  . 024 . 026 . 030 . 034 . 048 . 072 . 076 
1 0 . 0  . 033 . 0 1 5  . 022 . 035 . 038 . 045 . 050 . 07 1  . 070 
2 . 5  . 333 . 0 1 1  . 0 1 8  . 025 . 038 . 040 . 06 4  . 081 . 083 
5 . 0  . 333 . 025 . 035 . 042 . 065 . 068 . 093 . 1 40 . 1 43 
1 0 . 0  . 333 . 024 . 036 . 047 . 0 7 3  . 076 . 1 05 . 1 43 . 1 49 
CHC 1 Sr2 ( um/L ) 
2 . 5  0000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 
5 . 0  0000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 
1 0 . 0  0000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 
2 . 5  . 033 . 002 . 004 . 006 . 005 . 008 . 0 1 2  . 0 1 4  . 01 4  
5 . 0  . 033 . 003 . 005 . 006 . 007 . 008 . 0 1 2  . 0 1 4  . 0 1 4  
1 0 . 0  . 033 . 002 . 004 . 007 . 007 . 008 . 009 . 0 1 1  . 0 1 1 
2 . 5  . 333 . 036 . 053 . 074 . 1 02 . 1 08 . 1 43 • 1 73 . 1 74 
5 . 0  . 333 . 046 . 059 072 . 039 . 1 1 4  . 1 30 . 1 54 . 1 69 
1 0 . 0  . 333 . 039 . 053 . 068 . 1 00 . 1 1 1  . 1 24 . .  1 6 1  . 1 65 
CHBr3 ( um/l ) 
2 . 5  0000 . 000 . 000 . 000 . GOO . 000 . coo . 000 . 000 
5 . 0  0000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 
1 0 . 0  0000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 
2 . 5  . 033 . 000 . 000 . :JOO . 000 . 000 . 000 . 000 . 000 
5 . 0  . 033 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 
1 0 . 0  . 033 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 
2 . 5  . 333 . 01 4 . 025 . 03 1  . 040 . 050 . 06 3  . 086 . 09 3  
5 . 0  . 333 . 0 1 5  . 0 1 8  . 02 1  . 025 . 030 . 035 . 037 . 040 
1 0 . 0  . 333 . 008 . 0 1 0  . 0 1 5  . 023 . 026 . 02 7  . 033 .033 
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Tab l e  2 7 . THM Data for the Effect of Humi c Ac i d  Level 
React i cn T i me ( h rs . )  
Humi c  2 ll 8 24 48 7 2  9 6  Ac i d  Br-
(mg/L ) (mg/l ) 
cHC1 3 ( um/L ) 
0 . 50 0000 . 027 . 045 . 063 . 106 . 1 1 9  . 1 26 . 1 2 5  . 1 25 
1 .00 0000 . 066 .091  . 1 1 7 . 1 9 1  . 207 . 223 . 249 . 258 
2 . 00 0000 .097 . 1 6 5  . 1 75 . 300 . 325 . 358 . 373 . 39 1  
0 . 50 . 033 . 024 . 0 4 1  . 0 5 7  . 096 . 1 00 . 1 04 . 1 10 . 1 1 5  
1 . 00 . 033 .061  .069 . 107 . 1 76 • 199  . 207 . 209 . 2 1 1 
2 . 00 . 033 . 080 . 1 32 . 1 6 7  . 2 84 . 307 . 309 . 309 . 3 1 0  
0 . 50 . 330 . . 0 1 4  . 020 .024 . 02 8  . 0 3 1  . 033 .034 . 036 
1 . 00 . 330 . 0 1 9  . o �s .043 . 052 . 054 . 054 . 059 . 059 
2 . 00 . 330 . 0 1 8 . 0�7  .08 1 . 094 . 096 . 096 . 098 . 1 00 
Cf!Cl 2Br ( urn/L ) 
0 . 50 0000 . coo . ooo . 000 . 000 . 000 . 000 . 000 . 000 
1 . 00 0000 . 000 . 000 . 000 . 000 . coo . 000 . 000 . 000 
2 . 00 0000 . 000 . 000 .000 . 000 . 000 . 000 . 000 . 000 
0 . 50 . 033 . 005 . 009 . 0 1 5  . 0 1 5  . 022 . 033 . 045 . 059 
1 . 00 . 033 . 0 1 4  . 024 . 026 . 030 .044 .048 . 072 . 076 
2 . 00 . 033 . 0 1 9  . 039 . 039 . 053 . 058 . 065 . 087 . 087 
0 . 50 . 330 . 0 1 2  . 026 . 049 . 069 . 072 . 088 . 039 . 089 
1 . 00 . 330 . 02 5  •. 035 . 062 . l OS ; 1 28 . 1 33 . 1 40 • 1 43 
2 . 00 . 330 . 038 . 058 . 1 02 . 1 9 1  . 203 . 205 . 2 1 1  . 2 1 0  
CHC1Br2 ( um/L) 
0 . 50 0000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 
1 . 00 0000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 
2 . 00 0000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 
0 . 50 . 0 3 3  . 002 .003 . 004 . 005 . 005 . 007 . 007 . 007 
1 . 00 . 03 3  . 003 . 005 . 005 . 007 . 008 . 009 . 009 . 009 
2 . 00 . 033 . 004 . 009 . 009 . 009 . 0 1 1 . 0 1 2  . 0 1 4  . 0 1 5  
0 . 50 . 330 . 0 1 5  . 023 .03 5  . 040 .059 . 086 . 093 . 1 4 1  
1 .00 . 330 . 046 . 059 . 072 . 089 . 1 1 4  . 1 30 . 1 54 • 1 69 
2 . 00 . 330 . 058 . .  1 0 1  . 103 • 1 50 . 1 97  . 257  . 292 . 292 
· CHBr3 (um/L) 
0 . 50 0000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 
1 . 00 0000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 
2 . 00 0000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 
0 . 50 . 033 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 
1 .00 . 0 3 3  . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 
2 . 00 . 033 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 
0 . 50 . 330 . 005 . 0 1 0  . 0 1 2  . 0 1 3  . 0 1 9  . 023 .025 . 02 7  
1 .00 . 330 . 0 1 5  . 0 1 8  . 0 2 1  .026 . 030 . 035 .035 . 040 
2 . 00 . 330 . 0 1 9  . 02 5  . 029 , 0 3 5  . 054 . 060 . 066 . 066 
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Tabl e 28. THM Data for the 
Reaction T ime ( hrs ) 
Br" 2 4 8 2 4  
p H  (mg/L ) 
CIIC1 3 ( um/L ) 
6 . 0  0000 . 052 .072 . 1 03 . 1 1 5  . 1 4 7  
7 . 0  0000 .065 . 09 1  • 1 1 7 . 1 3 1  . 1 70 
8 . 0  0000 . 072 . 1 42 . 1 83 . 228 . 2 59 
9 . 5  0000 . 086 . 1 9 1  . 2 1 7  . 263 . 353 
6 . 0  . 033 .04 5  . 056 . 079 . 086 . 1 09 
7 . 0  . 0 3 3  .051  . 069 . 107  . 1 1 5 . 1 49 
8 . 0  . 033 .051  . 0 9 1  • 1 2 5  . 1 48 . 229 
9 . 5  . 033 . 085 . 1 1 4 . 1 40 . 1 97  . 2 7 1  
6 . 0  . 33 3  . 0 1 4  . 0 1 7  .025 . 03 1  . 039 
7 . 0  . 333 . 0 1 9  . 028 . 033 . 03 7  . 040 
a . o  . 33 3  . 020 . 023 . 044 . 05?. . 065 
9 . 5  . 333 .029 . 036 . 055 . 064 . 079 
CHC 12Br(um/L )  
6 . 0  0000 . 000 . 000 . 000 . 000 . 000 
7 . 0  0000 . 001) . 000 . 000 . 000 . 000 
8 . 0  0000 . 000 . 000 . 000 . 000 . 000 
9 . 5  0000 .000 . 000 . 000 .000 . 000 
6 . 0  . 0 3 3  . 01 2  . 0 1 9  . 0 2 5  . 029 . 045 
7 . 0  .033 .014  . 024 . 025 . 030 . .  . 034 
8 . 0  . 033 . 029 . 03 5  . 0 4 5  . 055  . 053 
9 . 5  . 033 . 030 . 039 . 048 . 065 . 081 
6 . 0  , 3 33 . 0 1 5  . 0 1 8  . 0 1 9  . 026 . 046 
7 . 0  . 3 33 . 02 5  . 03 5  . 042 . 065 . 068 
8 . 0  . 333 . 028 .044 . 045 . 064 . 072 
9 . ::  . 333 . 040 . 053 . 067 . 093 . 1 09 
CHC 1 Br2 ( um/L ) 
6 . 0  0000 . 000 . 000 . 000 . 000 . 000 
7 . 0  0000 . 000 . 000 . 000 . 000 . 000 
8 . 0  0000 . 000 . 000 . 000 . 000 .000 
9 . 5  0000 .000 . 000 . 000 . 000 . 000 
6 . 0  . 033 . 003 . 004 . 005 . 006 . 007 
7 . 0  .033 . 004 . 005 . 006 . 007 . 008 
8 . 0  . 033 005 . 0 1 0  . 0 1 3  . 0 1 4  . 0 1 5  
9 . 5  . 033 .008 . 0 1 2  . 0 1 9  . 024 . 034 
6 . 0  . 333 .032 . 052 . 06 1  . 0 7 4  . 094 
7 . 0  . 333 . 046 . 059 . 072 . 089 . 1 1 4 
8 . 0  . 333 . 054 .074 . 0 7 7  . 1 2 3  . 1 74 9 . 5  . 333  . 058 .095 • 1 3 1  . 1 72 . 2 1 3  
CHBr3 ( um/L) 
6 . 0  0000 . 000 . 000 . 000 . 000 . 000 7 . 0  0000 . 000 . 000 . 000 . 000 . 000 8 . 0  0000 .000 . 000 . GOO . 000 . 000 9 . 5  0000 . 000 .000 . 000 . 000 . 000 6 . 0  . 033 .000 .voo . 000 . 000 . 000 7 . 0  . 033 . 000 . 000 . 000 . 000 . 000 8 . 0  . 033 . 000 . 000 . 000 . 000 . 000 9 . 5  . 033 . 000 . 000 . 000 . 000 . 000 6 . 0  . 333 . 0 1 4  . O i 6  . 020 . 02 5  .028 7 . 0  . 333 . 0 1 5  . .  0 1 8  . 0 2 1  . 026 . 030 
8 . 0  , 3.13 . 040 . 049 .053 . 083 . 1 1 9  
9 . 5  . 057  .081  . 092 . 1 1 7  . 1 8 1  • 197  
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Tab·l e 2 9 .  THM Data for the Effect of I on i c  Strength 
Reaction Time (hrs . )  
lon i c  Br- 2 4 8 24 48 72 96 
Strength (mg/L)  
CHC13 ( um/L )  
. 0 1 5  0000 . 07 1  . 09 5  . 1 1 9  • 1 3 0  . 1 64 . 2 10 . 24 1  . 265 
.075 0000 .075 .092 . 1 1 8 . 1 3 5  . 1 60 . 208 .257  . 2 6 3  
• 1 50 0000 . 069 . 094 . 1 1 8 • 1 3 6  . 1 69 . 2 1 3  . 260 . 2 5 9  
. 0 1 5  . 033 . 060 .068 . 107 • 1 16 • 147 . 163 . 208 . 2 1 5  
.075 . 033 .061  .073 • 1 0 7  . 1 1 9  • 1 54 . 1 6 9  • 192  . 2 1 0  
• 1 50 . 033 . 063 . 075 . 1 1 7  • 1 23 . 1 52 • 1 6 5  . 1 94 . 209 
. 0 1 5  . 033 .02 1 . 029 . 035 . 038 . 046 . 049 . 05 1  . 052 
. 075 . 333 .024 .027 . 036 . 039 . 047 . 049 . 050 . 0 5 1  
• 1 50 . 333 . 0 1 7  . 029 . 036 . 042 . 046 . 046 . 04 7  . 0 5 1  
CHC1 2Br (um/L ) 
. 0 1 5  0000 . 000 . 000 . 000 . 000 .000 . 000 . 000 . 000 
. 075 0000 .000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 
. 1 50 0000 .000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 
. 0 1 5  .033 .01 5 .025 . 026 . 0 3 1  . 032 . 045 . 069 .073 
. 075 . 033 . 0 1 4  . 023 . 02 6  . 03 1  . 032 . 04 5  . 069 . 073 
. 1 50 . 033 . 0 1 4  . 02 4  . 0 2 7  . 033 . 034 . 044 . 069 . 070 
. 0 1 5  . 333 .022 . 034 . 039 . 059 . 094 . 1 1 9  • 1 2 9  . 14 1  
.075 . 333 .025 .036 . 042 . 060 . 098 • 1 2 2  • 1 3 4  . 1 38 
. 1 50 . 333 .029 . 035 . 043 . 053 .091  . 1 16 . 1 3 0  • 1 4 4  
CHC1B r2 (um/L) 
. 0 1 5  0000 . 000 . 000 . 000 . 000 .000 . 000 . 000 . 000 . . • 075 0000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 .000 . 1 50 0000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 0 1 5  . 033 .003 .005 . 005 . 007 . 008 . 008 . 009 . 009 . 075 . 033 . 003 . 005 . 006 . 007 . 008 . 008 . 009 . 009 
• 1 50 . 033 . 003 . 005 .006 . 008 . 008 . 009 . 009 . 009 . 0 1 5  . 333 . 044 . 060 . 078 . 092 • 1 1 6 • 125 • 1 62 • 1 6 9  . 075 . 333 . 0<.3  . G6 1  . 07 1  . 089 . 1 1 4  . 1 3 1  • 1 5·� • 1 72 . 1 50 · ":33 . 052 . 056 . 072 .084 . 1 13 . 130 • 1 55 . 1 6 5  
CHBr3 ( um/L ) 
. 01 5 0000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 075 0000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 1 50 0000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 0 1 5  . 033 .000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 075 . 033 . 000 . 000 . 000 . 000 . 000 .000 .000 . 000 . 1 50 . 033 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 0 1 5  . 333 . 0 1 4  . O i B  . 023 . 02 6  . 02 9  . 033 . 037 . 042 . 075 . 333 . 0 1 4  . 0 1 8  . 020 . 025 . 030 . 035 . 039 . 04 1  . 1 50 . 333 . 0 1 6  . 0 1 8  . 02 1  ,027 . 030 . 036 . 039 . 04 1  
1 05 
Tabl e 30 . THM Data for the Effect of Temperature from Humi c Aci d  
Re act i on Time (hrs . )  
Te�p Br- 2 4 8 24 48 7 2  9 6  (C ) (ffi9/L)  
CHC1 3 ( u'11/ L )  
1 0  0000 . 042 . 075 . 09 1  . 1 1 2 . 1 39 . 1 6 9  . 1 88 . 20 6  
2 0  0000 . 066 . 09 1  . 1 1 7  . 1 3 1  . 1 70 . 20 3  . 249 . 258 
30  0000 . 1 09 . 1 5 7  . 1 85 . 2 1 2  . 3 1 8  . 330 . 339 . 342 
1 0  O . C4 . 039 . 05 5  . 07 9  . 092 . 1 1 9  . 1 30 . 1 40 . 1 52 
20 0 . 04 , 046  . 06 5  . 094 . 1 1 3  . 1 40 . 1 47 . 1 84 . 1 99 
30 0 . 0� . 091  . 1 1 7  . 1 68 . 1 99 . 29 5  . 309 . 32 0  . 32 7  
1 0  0 : 40 . 01 3  . 01 7  . 01 9  . 02 1  . 024 . 02 8 . 02 9 . 030 
20 0 . 4 0  . 01 8  . 02 3  . 02 9  . 030 . 030 . 033  . 036  . 039 
30 . 0. 40 . 031 . 039 , 048 . 062 . 067  . 06 9  . 071 . 071 
1 0  4 . 00 . 003 . 004 . 005 . 006 . 008 . 009 . 01 0 . 01 1  
2 0  4 . 00 . 004 . 005 . 006 . 008 . 01 0  . 0 1 2  . 01 2 . 01 3  
30 4 , 00 . 007  . 009 . 01 0  . 01 2  . 01 3 . 01 4  . 01 5 . 01 5  
CHC1 2 Br ( um/L )  
1 0  0000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 
2 0  0000 . ooo . 000 . 000 . 000 . 000 . 000 . 000 . 000 
30  0000 . 000 . 00 0  . ooo . 000 . ooo . 000 . 000 . 000 
1 0  0 . 04 . 01 2  . 022 . 02 7  . 033 , 04 9  . OliO . 070 . 078 
20 0 . 04 . 01 8  . 02 '3  . 03 3  . oq • 057 . 069 . 083 . 090 
30  0 . 04 . 02 9  . 045 . 054 . 076 . 1  09 . 1 1 6  . 1 1 8  . 1 2 1  
1 0  0 . 40 . 01 7  . 024 . 032 . 039 . 05 1  . 06 0  . 073  . 082 
20 0 . 40 . 02 0  . 02 8  . 038 . 05 1  . 066 . 089 .1 08 . 1 1 3  
30  0 . 40 . 039 . 05 1  . 071 . 1 1 0  . 1 57 . 1 80 . 1 91 . 200 
1 0  4 . 00 . 003 . 004 . 00 5  . 006 . 007 . 008 . 009 . 01 0  
2 0  4 . 00 . 004 . 005 . 00 6  . 007 . 008 . 01 0  . 01 3  . 01 4  
30  4 . 00 . 008 . 0 1 1 . 01 2  . 01 4  . 01 6  . 01 7  . 01 7  . 01 8 
CHC1sr2 ( um/L ) 
1 0  0000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 
2 0  0000 . 000 . 000 . 000 . 000 . 000 . ooo . 000 . 000 
30 0000 . 000 . 000 . 000 . 000 . ooo . 000 . 000 . 000 
1 0  0 , 04 . 003 . 005 . 006 . 008 . 01 1)  . 01 1  . 01 2  . 0 1 3 
20 0 . 04 . 00.3 . 008 . 01 0  . 01 0  . 0 1 1 . 01 2  . 0 1 4  . 01 9  
30 0 . 04 . 005 .01 0 . 01 4  . 01 7  . 02 3  . 02 6  . 02 7  . 02 7  
1 0  0 . 4 0  . 038 . 05 9  . 067  . 085 . 09 5  . 1 1 1  . 1 2 3  . 1 30 
2 0  0 . 4 0  . 045 . 069 . 086 . 1 04 . 1 1 9  . 1 43 . 1 75 . 1 99 
30 0 . 4 0  . 077  . 1 00 . 1 24 . 1 46 . 2 38 . 2 7 7  . 2 9 1  . 300 
1 0  4 . 00 . 01 8  . 02 7  . 030 . 034 . 042 . 048 . 052  . 05 9  
2 0  4 . 00 . 022 . 037  . 039 . 041 . 054 . 0 6 3  . 064 . 06 9  
30  4 . 00 . 034 . 042 . 047 . 05 4  . 077  . 083 . 086 . 090 
C H B r3 ( um/L ) 
1 0  0000 . 000 . 000 . 000 . ooo . ooa . ooo . 000 . 000 
20 0000 . 000 . 000 . 000 . 000 . 000 . oao . 000 . 000 
30  0000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 
1 0  0 . 04 . 000 . ooo . 000 . 000 . ooo . ooo . 000 . ooo 
20 0 . 04 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 
30  0 . 04 . 000 . 000 . 000 . 000 . 000 . ooo . 000 . 000 
1 0  0 . 4 0  . 02 0  . 028 . 03 3  . 037  . 041 . 0 5 3  . 060 , 064 
20 0 . 4 0  . 02 3  . 034 . 0 39 . 042 . 046 . 064 . 0 71 , 093 
30 0 . 40 . 028 . 043 . 060 , 0 76 . 092 . 1  07 . 1 1 0  • 1 1 7  
1 0  4 . 00 . 1  04 . 1 59 . 1  no . 1 99 . 2 32 . 248 . 2 62 . 2 79 
20 4 . 00 . 1 1 9  . 1 77 . 242 . 2 7 7  . 30 7  , 387 , 4 31 . 4 91 
30 4 . 00 . 1 52 . 209 .. 100 • 31 1 , 4 9 3  . 547 . 560 . 575 
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Tabl e 3 1 . TH�1 Data for the Effect of Bromi de Leve l  from Tennessee 
Ri ver Water .  
React ion T ime ( hrs . )  
2 4 8 24 48 72 96 
sr· 
(mg/L )  
t:HC1 3 (u m/L ) 
0000 . 197 . 258 . 283 . 337 .529 . 588 .634 .676 
0 . 0 1  • 1 92 . 250 . 276 . 325  . 504 . 569 . 6 1 0  . 655  
0 . 02 . 184 . 239 .259 . 3 1 0  . 490 . 5 5 1  . 584 .630 
0 .04 . 1 71  . 224 . 235 .287 . 460 . 5 5 1  . 584 . 630 
0 . 10 . 1 48 . 189 . 198 . 247 . 449 .479 .492 . 5 10 
0 . 20 . 105 . 147 . 163 . 1 99 . 282 . 3 1 7  . 343 . 360 
0 .40 .070 . 105 . 127  • 134 . 1 87 . 2 1 2  . 237 . 254 
1 .00 .034 .046 .059 . 082 . 105 • 122  . 1 40 . 1 57 
2 .00 .025 .033 . 040 . 052 .065 .079 . 087 . 096 
4 .00 .016 .020 . 030 . 039 .060 . 06 5  .068 .072 
CHC1 2Br ( um/L )  
0000 .008 . 0 1 2  . .  0 1 7  . 020 .031 . 035 .038 . 042 
0 . 0 1  . 0 1 5  .023 . 028 . 043 .059 . 064  .069 .072 
0 . 02 .027 .034 . 046 .065 .087 .087 . 095 . 108 
0 .04 .039 .049 .064 . 097 • 120 . 1 25  • 1 4 1  • 142 
0 . 1 0  . 058 . 074 .087 • 1 2 5  . 1 81  • 1 92 . 208 . 2 1 7  
0 .20 .080 .099 . 1 10 . 1 48 . 232 . 250 . 2 79 . 284 
0 . 40 • 10 1  • 124  • 144 . 1 87 . 270 . 3 10  . 336 . 354 
1 .00 .069 .083 .099 • 1 27  . 1 70 . 1 92 . 2 1 7  . 243 
2 .00 .030 . 039 .047 .067 .089 . 1 00 . l l l  . 1 1 5 
4 . 00 .022 . 027  .032 . 044 .073 . 079 .084 .086 
CHC1Br2 ( um/L )  
0000 .003 . 005 .00 7  .008 . 0 10  .0 1 1 . 0 1 1 . 0 1 1  
0 .0 1  .004 .006 .008 .0 10  .0 14  .0 16  .0 17  . 0 1 7  
0 .02 .010  .014  . 0 1 7  . 0 1 9  .029 .032 . 034 . 036 
0 .04 . 0 1 6  .024 .028 .037  .049 . 054 .058 .063 
0 . 10 . 029 .040 .055 .068 . 078 .087 . 096 . 1 05 
0 . 20 .053 .079 • 102 • 1 2 7  • 1 79 . 1 98 . 20 5  . 2 2 7  
0 . 40 .082 .099 . 1 1 1  . 1 48 . 237 . 259 . 287 . 3 1 1  
1 .00 • 127  . 1 56 . 1 75 . 22 1  . 320 . 362 . 1 94  .423  
2 .00 . 094 • 1 2 1  . 1 50 • 1 85 . 250 . 300 . 356 . 384 
4 . 00 .087 . 104 . 1 2 1  • 140 . 224 . 24 1  . 274 . 307 
CHBr3 ( um/L ) 
0000 . 000 . 000 .000 . 000 .000 .000 .coo . 000 
0 . 0 1  . 000 .000 .000 .000 . 000 . 000 . 000 . 000 
0 . 02 .000 .000 .000 . 000 .000 . 000 . 000 .000 
0 .04  . 000 .000 .000 . 000 .000 .000 .000 .000 
0 . 10 .001 . 003 .005 . 005 . 005 . 005 .00 5  . 00 5  
0 . 20 . 008 . 0 1 5  .021. . 024 . 036 .039 . 04 1  .0111 
0 . 40 .023 .035 .048 . 068 .094 . 108 . 1 1 5  • 1 26  
1 .00 .092 . 1 29 . 1 5 7  . 1 95 . 300 . 352 . 378 . 400 
2 . 00 . 1 95 . 236 .297 . 363 . 631 . 699 • 747 • 771  
· 4 .00 . 240 . 308 . 380 . 449 . 764 . 879 .941  . 989 
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Tabl e 32 . THM Data for the Effect of Temperature from 
Tennessee Ri ver �later 
Reacti on T ime ( hrs . )  
Tgmp Br- 2 4 8 24 48 72 96 
( C )  (mg/L)  
CHC1 3 ( um/l )  
1 0  0000 . 1 35 . 204 . 238 . 284 . 31 9 . 375 . 42 1  . 480 
20 0000 . 1 97 . 258 . 2 83 . 337 . 529 . 588 . 6 34 . 576 
30 0000 . 254 . 393  . 451 . 630 . 820 . 894 . 927 - 95 1  
1 0 0 . 04 . 1 1 8 . 1 38 . 1 84 . 231 . 320  . 362 . 399 . 434 
20 0 . 04 . 1 7 1 . 224 . 2 3!> . 287 . 460 . 5 1 7  . 554 . 598 
30 0 . 04 . 280 . 362 . 454 . 524 . 772 . 837 . 860 . 889 
1 0  0 . 40 . 057 . 068 . 082 . 105 . 1 48  . 1 67  . 1 80 . 1 95 
20 0 . 40 . 070 . 1 05 . 1 27 . 1 34 . 1 87 . 2 1 2  . 237 . 254  
30 0 . 40 . 1 04 . 1 39 . 1 90 . 237 . 320 . 379 . 41 1  . 433 
1 0 4 . 00 . 01 7  . 025 . 030 . 039 . 050 _ . 063 . 07 1  . 082 
20 4 . 00 . 025 . 033 . 040 . 0�2  . 065 . 079 . 087 . 096 
30 4 . 00 . 042 . 044 . 049 . 065 . 078 . 089 . 1 00 . 1 09 
CHC1 2 Br (um/l )  
1 0  0000 . 008 . 0 1 0  . 0 1 2  . 0 1 7  . 02 4  . 030 . 035 . 039 
20 0000 . 008 . 0 1 2  . 0 1 7  . 020 . 03 1  . 035 . 038 . 042 
30 0000 .0 12  .0 16  . 220 . 029  .038 . 043 . 046 . 048 
10 0 . 04 . 031  . 040 . 052 . 079 . 093 . 1 06 . 1 1 3  . 1 2 1  
2 0  0 . 04 . 0-39 . 049 . 064 . 097 . 1 20 . 1 25 . 1 41  . 1 42 
30 0 . 04 . 047 . 056 . 078 . 1 1 0 . 1 46 . 1 57 . 1 62 . 165 
1 0  0 . 40 . 069 . 083 . 107  . 1 30 . 1 86 . 2 1 5  . 241 . 260 
20 0 . 40 . 1 01 . 1 24 . 1 44 . 1 87 . 270 . 3 1 0  . 336 . 354 
30 0 . 40 . 1 38 . 1 74 . 2 1 7  . 282 . 342 . 379 . 397 . 408 
1 0 4 . 00 . 026 . 034 . 04 3  . 056 . 070 . 079 . 085 . 093 
20 4 . 00 . 030 . 039 . 047 . 067 . 089 . 1 00 . 1 1 1  . 1 1 5 
30 4 . 00 . 032 . 045 . 05 9 . 080 . 1 04 . 1 1 9  . 1 32 . 1 39 
CHC 1 Br2 (um/L ) 
1 0  0000 . 002 . 003 . 005 . 006 . 008 . 009 . 009 . 01 0  
20 0000 . 003 . 005 . 007 . 003 . 0 10 . 0 1 1  . 0 1 1  . 0 1 1 
30 0000 . 003 . 006 . 008 . 0 1 0  . 0 1 2  . 0 1 2  . 0 1 2  . 0 1 2  
1 0 0 . 04 . 0 1 2  . 0 1 7  . 027 . 034 . 040 . 046 . 052 . 057 
20 0 . 04 . 0 1 6  . 024 . 032 . 037 . 049 . 054 . 058 . 063 
30 0 . 04 . 021  . 029 . 048 . 052 . 060 . 063 . 064 . 064 
1 0 0 . 40 . 044 . 059 . 070 . 091  . 1 29 . 1 48 . 1 5 9  . 1 73 
20 0 . 40 . 053 . 079 . 1 02 . 1 27  . 1 79 . 1 98 . 205 . 227 
30 0 . 40 . 070 . 094 . 1 24 . 1 59 . 2 1 7  . 229  . 2 35 . 259 
1 0 4 . 00 . 073 . 088 . 1 03 . 1 1 9  . 1 72 . 1 99 . 2 1 7  . 230 
20 4 . 00 . 087 . 104 . 1 2 1 . 1 40 . 22 4  . 241  . 274 . 307 
30 4 . 00 . 102 . 1 27  . 1 50 . 1 84 . 270 . 299 . 3 1 1  . 329 
CHBr3 ( um/l )  
1 0  0000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 
20 . 0000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 
30 0000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 
1 0 0 . 04 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 
20 0 . 04 . 000 .000 . 000 . 000 . 000 . 000 . 000 . 000 
30 0 . 04 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 
1 0  0 . 40 . 0 1 7  . 026 .039 . 050 . 073 . 086 . 099 . 1 1 0  20 0 . 40 . 023 . 035 . 048 . 068 . 094 . 1 08 . 1 1 5 . 1 26 30 0 . 40 . 033 . 045 . 060 . 087 . 1 1 9  . 1 3 3  . 1 48 . 1 54 10 4 . 00 . 2 1 1  . 252 . 309 . 377 . 59"2 . 654 . 704 . 763 20 4 . 00 . 240 . 308 . 380 . 449 . 764 . 879 . 94 1  . 989 30 4 . 00 . 203 . 360 . 485 . 578 . 926 1 . 072 1 . 2 1 0  1 . 282 
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Tab l e  3 3 .  TTHfv1 Data for the Humi c Aci d  Studi es 
Re�ction Time ( hrs . ) 
2 4 8 24 48 72 96 
Effect of Bromide Level 
Br· TTHM (um/L ) 
(m9/L ) 
0 . 00 0 . 066 0 . 091  0 . 1 1 7  0 . 1 31 0 . 1 70 0 . 203  0 . 249 0 . 258 
. 0 1  0 . 070 0 . 093 0 . 1 26 0 . 1 33 0 . 1 75 0 . 2 1 2  0 . 259 0 . 273 
. 02 0 . 073 0 . 095  0 . 1 30 o. 1 4 3  0 . 1 90 0 . 2 1 5  0 . 267 0 . 291  
.04 0 . 077 0 . 1 0 1  0 . 1 37 0 . 1 6 7  0 . 208 0 . 228 0 . 281 0 . 308 
. 1 0  0 . 081 0 . 1 21 0 . 1 44 0 . 1 91 0 . 2 1 8  0 . 262 0 . 340 0 . 371  
. 20 0 . 097 0 . 1 30 0 . 1 55 0 . 2 1 2  0 . 249 0 . 292 0 . 37 7  0 . 386 
. 40 0 . 1 06 0 . 1 54 0 . 1 92 0 . 227 0 . 261  0 . 329 0 . 390 0 . 444 
1 .00 0 . 1 1 7  0 . 1 70 0 . 238 0 . 304 0 . 364 0 . 4 1 4  0 . 453 0 . 5 1 3  
2 . 00 0 . 1 36 0 . 2 1 7  0 . 274 0 . 3 1 3  0 . 435 0 . 478 0 . 5 1 3  0 . 547 
4 . 00 0 . 1 49 0 . 224 0 . 293  0 . 333 0 . 459 0 . 5 1 6  0 . 568 0 . 587 
Effect of Chl ori ne Dose 
TTHM ( <�m/L ) 
Cl sr· 
(mg/L ) (mg/L) 
2 . 5  0000 0 . 056 0 . 063  0 . 099 0 . 1 22 0 . 1 35 0 . 1 40 0 . 1 62 0 .  H�5  
5 .0  0000 0 . 066 0 . 091  0 . 1 1 7  0 . 1 37 0 . 1 70 0 . 203 0 . 249 0 . 258 
1 0 . 0  0000 0 . 085 0 . 1 1 7  0 . 1 58 0". 1 7 5  0 . 204 0 . 224 0 . 290 0 . 305 
2 . 5  . 03 3  0 . 052 0 . 062 0 .098 0 . 1 2 1  0 . 1 34 0 . 1 75 0 . 230 0 . 262 
5 . 0  .033 0 . 068 0 . 098 0 . 1 39 0 . 1 5 3  0 . 1 91 0. 224 0 . 280 0 . 296 
1 0 . 0  . 033 0 . 074 0 . 1 09 0 . 1 6 1  0 . 1 80 0 . 234 0 . 249 0 . 288 0 . 304 
2 . 5  . 333 0 . 07 7  0 . 1 1 4  0 . 1 52 0 . 203 0 . 222 0 . 295  0 . 366 0 . 377 
5 . 0  . 333 0 . 101  0 . 1 33 0 . 1 6 9  0 . 21 7 0 . 256 0 . 306 0 . 382 0 . 404 
1 0 . 0  . 333 0 . 094 0 . 1 27 0 . 1 69 0 . 244 0 . 270 0 . 31 6  0 . 400 0 . 41 2  
Effect of Humi c Aci d Level 
TTHM (um/L ) 
Humi c 
Acid ar· 
(mg/L ) (mg/L ) 
0 . 50 0000 0 . 027 0 . 045 0 . 063  0 . 1 06 0 . 1 1 9  0 . 1 26 0 . 1 25 0 . 1 25 
1 . 00 0000 0 . 066 0 . 091  0 . 1 1 7  0 . 1 91 0 . 207 0 . 223  0 . 249 0 . 258 
2 . 00 0000 0 . 097 0 . 1 65 0 . 1 75 0 . 300 0 . 325 0 . 358 0 . 373  0 . 39 1  
0 . 50 . 033 0 . 03 1  0 . 053 0 . 076 0 . 1 1 6 0 . 1 2 7  0 . 1 44 0 . 1 62 0 . 1 81 
1 . 00 . 033 0 .078 0 . 098 0 . 1 39 0 . 2 1 3  0 . 251  0 . 264 0 . 290 0 . 296 
2 . 00 . 033 0 . 103  0 . 1 80 0 . 2 1 5  0 . 346 0 . 376 0 . 386 0 . 4 1 0  0 . 4 1 2  
0 . 50 . 330 0 . 046 0 . 079 0 . 1 20 0 . 1 50 0 . 1 8 1  0 . 2 30 0 . 241  0 . 293  
1 . 00 . 330 0 . 1 05 0 . 1 40 0 . 1 98 0 . 272 0. 325 0 . 352 0 . 390 0 . 41 1 
2 . 00 . 330 0 . 1 33 0 . 2 1 1  0 . 3 1 5  0 . 470 0 . 550 0 . 6 1 8  0 . 667 0 . 688 
Ion i c  Br-
Strength (mg l /L )  
. 0 1 5  0000 
. 075 0000 
. 1 50 0000 
. 0 1 5  . 033 
. 075 . 033 
. 1 50 . 033 
.01 5 . 333 
. 075 . 333 
. 1 50 . 333 
Br-
pH (mg/L ) 
6 . 0  0000 
7 . 0  0000 
8 . 0  0000 
9 . 5  0000 
6 . 0  . 03 3  
7 . 0  . 033 
8 . 0  . 033 
9 . 5  . 333 
6 . 0  . 333 
7 . 0  . 333 
8 . 0  . 333 
9 . 5  . 333 
- - - ..... ·- -�-. - -
Te�p .  Br-
(C ) (mg/l ) 
1 0  0000 
20 0000 
30 0000 
1 0  0 . 04 
20 0 . 04 
30 0 . 04 
1 0  0 . 40 
20 0 . 40 
30 0 . 40 
1 0  4 . 00 
20 4 . 00 
30 4 . 00 
1 1 0  
Tab l e 3 3 . ( Conti nued ) 
Reaction Time (hrs . )  
2 4 8 24 
Effect o f  !oP i c  Strength 
TTilN ( �m/1 ) 
0 . 071 0 . 095 0 . 1 1 9  0 . 1 30 0 . 1 64 
0 . 1 75 0 . 092 0 . 1 1 8  0 . 1 35 0 . 1 60 
0 . 069 0 . 094 0 . 1 1 8  0 . 1 36 0 . 1 69 
0 . 078 0 . 098 0 . 1 39 0 . 1 55 0 . 1 89 
0 . 078 0 . 1 0 1  0 . 1 39 0 . 1 58 0 . 1 94 
0 . 080 0 . 1 04 0 . 1 50 0 . 1 63 0 . 1 94 
0 . 1 01 0 . 1 4 1  o.  1 75 0 . 2 1 5  0 . 285 
0 . 106 0 . 1 42 o. 1 6 9  0 . 2 1 3  0 . 289 
0 . 1 1 4 0 . 1 38 0 . 1 1 2  0 . 2 1 6  0. 280 
Effect of pH 
TTHM (wm/L ) 
0 . 052 0 . 072 0 . 1 03 0 . 1 1 5  0 . 1 47 
0 . 066 0 . 091 0 . 1 1 7  0 . 1 31 0 . 1 70 
0 . 072 0 . 1 42 0 . 1 83 0 . 228 0 . 259 
0 . 086 0 . 1 9 1  0 . 2 1 7  0 . 263 0 . 353  
0 . 060 0 . 079 0 . 1 09 0 . 12 1  0 . 1 6 1 . 
0 . 069 0 . 098 (' 1 39 0 . 1 53 0 . 1 91 
0 . 095 0 . 1 36 0 . 1 83 0 . 2 1 7  0 . 307 
0 . 123  0 . 1 65 0 . 207 0 . 286 0 . 386 
0 . 075 0 . 1 03 0 . 1 25 0 . 1 56 0 . 207 
0 . 1 05 0 . 140 0 . 1 68 0 . 2 1 7  0 . 252 
0 . 1 42 0 . 1 90 0 . 2 1 9  0 . 322 0 . 430 
0 . 1 94 0 . 265 0 . 346 0 . 446 0 . 582 
Effect of Temperature 
TIHM (l(m/L ) 
0 . 042 0 . 075 0 . 09 1  0 . 1 1 2 0 . 1 39 
0 . 066 0 . 091 0 . 1 1 7  0 . 1 31 0 . 1 76 
0 . 1 09 0 . 1 57 0 . 1 85 0 . 2 1 2  0 . 31 8  
0 . 054 0 . 082 0 . 1 1 2  0 . 1 33 0 . 1 78 
0 . 067 o. 1 0 1  0. 1 37 0 . 1 67 0 ,208 
0 . 125  0 . 1 72 0 . 236 0 . 292 0 . 427  
0 . 088 0 . 1 28 0 . 1 5 1 0 . 1 82 0 . 21 1 
0 . 106 0 . 1 54 0 . 1 92 0 . 227 0 . 26 1  
0 . 1 75 0 . 233 • 0 . 303 0 . 394 0 . 554 
0 . 128 0 . 1 94 0 . 220 0 . 245 0 . 289 
0 . 149  0. 224 0 . 293 0. 333 0 . 379 
0 . 201 0 . 271 0 . 36 9  0 . 39 1  0 . 599 
48 72 96 
-----
0 . 21 0  0 . 241  0 . 26 5  
0 . 208 0 . 257 0 . 263  
0 . 2 1 3  0 . 260 0 . 259 
0 . 221  0 . 285 0 . 295 
0 . 222 0 . 270 0 . 292 
0 . 21 8  0 . 272 0. 288 
0 . 326 0 . 379 0 . 404 
0 . 337 0 . 373 0 . 402 
0 . 328 0 . 371  0 . 401  
0 . 1 60 0 . 1 68 0 . 1 72 
0 . 203 0 . 249 0 . 258 
0 . 279 0 . 308 0 . 333 
0 . 400 0. 432 0 . 454 
0 . 1 7 5  0. 1 85 0 . 1 89 
0 . 224 0 . 280 0 . 296 
0 . 345 0 . 372 0 . 388 
0 . 47 3  0 . 528 0 . 56 2  
0 . 237 0 . 248 0 . 270 
0 . 302 0 . 380 0 . 404 
0 . �72 0 . 548 0 . 563  
0 . 637 0 . 7 1 0  0 . 748 
0 . 1 69 0 . 1 88 0 . 206 
0 . 203  0 . 249 0 . 253 
0 . 330 0 . 339 0 . 342 
0 . 20 1  0 . 222 0 . 243 
0 . 228 0 . 281 0 . 308 
0 . 45 1  0 . 465 0 . 475 
0 . 252 0 . 285 0 . 306 
0 . 329 c.  390 0 . 444 
0 . 63 3  0 . 663  0 . 688 . 
0 . 3 1 3  0 . 333 0 . 359 
0 . 472 0 . 520 0 . 587 . 
0 . 66 1  0 . 678 0 . 699 
1 1 1  
Tabl e 3 4 .  TTHM Data for t he Tennes see Ri ver Stu d i es 
Reaction  Time ( hrs . )  
1 2 4 8 24 48 
Br Effect  of Bromide Level TTHM �m/L) 
(mg/L) 
0000 0 . 208 0 . 2 75  0 . 30 7  0 . 3 65 0 . 5 7 0  0 . 634 
0 . 01 0 . 211 0 . 2 7 9  0 . 312  0 . 3 7 8  0 . 5 7 7  0 . 64 9  
0 . 0 2 0 . 221 0 . 287 0 . 32 2  0 . 394 0 . 60 6  0 . 6 7 0  
0 . 04 0 . 2 26 0 . 29 7  0 . 3 27  0 . 4 21 0 . 6 2 9  0 . 730 
0 . 10 0 . 23 6  0 . 306 0 . 345 0 . 44 5  o .  7 1 3  0 . 7 63 
0 . 20 0 . 24 6  0 . 340 0 . 39 6  0 . 498 0 .  7 2 9  0 . 804 
0 . 40 0 . 2 7 6  0 . 363 0 . 430 0 . 53 7  0 . 7 88 0 . 88 9  
1 . 00 0 . 3 2 2  0 . 414 0 . 490 0 . 625  0 . 8 9 5  1 . 028 
2 . 00 0 . 344 0 . 431 0 . 534 0 . 66 7  1 . 035  1 . 1 78  
4 . 00 0 . 3 6 5  0 . 459 0 . 56 3  0 . 6 7 2  1 . 121 1 . 26 4  
Effect  of Temperature TTBM (J&/L) 
Temp Br-0 ( C) (mg/L) 
10 0000 0 . 14 5  0 . 217 0 . 25 5  0 . 30 7  0 . 3 51 0 . 415  
20 0000 0 . 208 0 . 2 75  0 . 30 7  0 . 36 5  0 . 5 7 0  0 . 634 
30 0000 0 . 2 69 0 . 4 15 0 . 4 7 9  0 . 6 69 0 . 87 0  0 . 94 9  
1 0  0 . 04 0 . 161 0 . 19 5  0 . 263 0 . 344 0 . 45 3  0 . 514 
20 0 . 04 0 . 226 0 . 29 7  0 . 33 1  0 . 421 0 . 6 29 0 . 6 9 6  
3 0  0 . 40 0 . 34 8  0 . 44 7  0 . 580 0 . 686 0 . 9 7 8  1 . 05 7  
1 0  0 . 40 0 . 18 7  0 . 236  0 . 29 8  0 . 3 7 6  0 . 536  0 . 61 6  
2 0  0 . 40 0 . 24 7  0 . 343 0 . 4 2 1  0 . 516 0 . 730 0 . 828 
30 0 . 40 0 . 345 0 . 452 0 . 5 91 0 . 7 6 5  0 . 9 98 1 . 120 
10  4 . 00 0 . 3 2 7  0 . 399 0 . 48 5  0 . 59 1  0 . 884 0 . 9 95 
20 4 . 00 0 . 38 2  0 . 484 0 . 588 0 . 708 1 . 14 2  1 . 29 9  
30 4 . 00 0 . 4 79  0 . 57 6  0 . 743  0 . 9 0 7  1 . 3 78  1 . 5 7 9  
7 2  96 
0 . 683 o .  729  
0 . 69 6  0 . 744 
o.  713 0 . 744 
0 . 783  0 . 83 5  
0 . 801 0 . 83 7  
0 . 868 0 . 912  
0 . 9 7 5  1 . 045 
1 . 129 1 . 2 2 3  
1 . 301 1 . 36 6  
1 . 3 6 7  1 . 454 
0 . 46� 0 . 529 
0 . 683 o .  7 29 
0 . 98 5  1 . 01 1  
0 . 564 0 . 61 2  
0 . 753  0 . 803 
1 . 08 6  1 . 118 
0 . 67 9  0 . 739 
0 . 893  0 . 9 6 1  
1 . 19 1  1 . 25 4  
1 . 07 7  1 . 1 68 
1 . 413 1 . 50 7  
1 .  753  1 . 8 59 
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Tab l e  35 . THM Di stri buti on Data for the Effect of Bromi de Level  from 
Humi c Ac i d  
Reaction Time (hrs . )  
-
Br 2 4 8 24 48 72 96 
(mg/l) 
CHC1 3 (% of TTHM) 
0 .00 1 00 .0 100 .0  100 .0  100 . 0  100 . 0  100 .0 100 . 0  100 . 0  
. 0 1  92 .9  93 . 5  90 . 5 90 . 2  90 . 9  9 0 . 6  91 . 5  9 1 . 9  
.02 86 . 3 84 . 2  84 . 6  83 .2  82 . 6  8 1 . 4 81 . 3 81 . 4 
. 04 72 . 7  64 . 4  68 . 6  67 . 7  67 . 3  64 . 5 6 5 . 5  64 . 6 
• 1 0  56 . 8  47 . 1  45 . 1  42 . 9 44 .0  39 . 3  43 . 5  4 6 . 1  
. •  20 2 8 . 9  26 . 2  23 . 2  24 . 1  25 . 3 24 . 7  20 . 7  20 . 2  
. 40 1 7 .0 1 4 . 9  1 5 . 1 1 3 . 2  1 1 . 5  1 0 . 0  9 . 2  8 . 8  
1 .00 1 2 . 8  1 2 . 4  10 . 1  8 . 9  7 . 7 6 .8 6 . 2  6 . 2  
2 .00 8 . 8 8 . 3 7 . 7  7 . 7  5 . 7  5 . 2  4 . 9  4 . 8  
4 .00 2 . 7 2 . 2  2 . 2  2 . 4  2 . 2  2 . 3  2 . 1  2 . 2  
CHC1 2Br (% of TTHM) 
O;Oo 0 . 0  0 . 0  0 . 0  0 .0 0 . 0  0 . 0  0 . 0  0 . 0  
. 0 1  7 . 1  6 . 5 8 . 7  8 .3  8 . 0  8 . 0  7 . 3  7 .0 
.02 1 1 .0 1 3 . 7  1 3 . 1  1 4 .0 1 5 . 3  16 .7 1 7 . 2  1 6 . 8 
.04 23.4  27 . 7 24 . 1 26 . 3  2 7 . 4 30 . 3  29 . 5  29 . 2 
• 1 0  24 . 7  29 .8  29 .2  3 3 . 5  32 . 6  37 ,0 3 5 . 6  34 . 2  
.20 24 . 7 26 . 9  27 . 1  34 . 9  30 . 5  3 1 . 8  36 . 3  35 . 2 
. 40 1 8 . 9 1 8 . 2  1 9 . 8  2 2 . 5 2 5 . 3  27 . 1  27 . 7  25 . 5  
1 .00 8 . 5  6 . 5  9 . 7 9 . 9  8 . 0  1 2 . 3  1 2 . 1  1 3 . 3  
2 .00 4 . 4  4 . 1 4 . 0  4 . 5  4 . 1 4 . 4 5 . 3  4 . 4  
4 . 00 2 . 7  2 . 2  1 . 7 2 . 1  1 . 7 1 .9 2 . 3  2 . 4  
CHC1Br2 ( %  of TTHM) 
0 .00 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 .0 0 . 0  0 . 0  
.0 1  0 .0  0 . 0  0 . 8 1 . 5 1 . 1  1 . 4  1 . 2 1 . 1  
.02 2 . 7  2 . 1 2 . 3  2 . 8  2 . 1  1 .9 1 . 5  1 . 7  
.04 3 . 9  7 . 9  7 . 3 6 .0 5 . 3 5 . 3  5 . 0  6 . 2 
. 10 1 8 . 5 23 . 1  25 . 7  23 .6  23 .4  23 . 7 20 . 9  1 9 . 7 
. 20 36 . 1 37 . 7  41 . 3  33 . 5  36 . 9  36 . 3  36 . 3  38 . 1 
. 40 42 . 5  44 . 8  44 . 8  45 .8  45 . 6 43 . 5  44 . 9  44 . 8  
1 .00 36 . 8  4 2 . 9  4 1 . 2 38 . 5  36 . 8  35 . 5  38 . 2 40 . 0  
2 .00 27 . 9  2 7 . 2 2 5 . 2  24 .3  22 . 2  2 2 . 4  2 1 . 4  2 1 . 6  
4 . 00 1 4 . 8  1 6 . 5  1 3 . 3  1 2 . 3  1 1 . 8 1 2 .2 1 1 . 3 1 1 . 8  
CHBr3 (% of TTH11) 
0 . 00 0 .0  0 .0  0 . 0  0 . 0  0 . 0  0 .0 0 .0 0 . 0  . 0 1  0 .0  0 . 0  0 .0 0 . 0  0 .0  0 . 0  0 . 0  0 . 0  .02 0 . 0  o . o  0 . 0  0 . 0  0 . 0  0 .0 0 . 0  0 . 0  . 04 o . o  o . o  o . o  0 .0 0 . 0  0 . 0 0 . 0  0 . 0  . 1 0  0 . 0 _0,0  0.0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  .20 1 0 . 3  9 .2 8 . 4  7 . 5  7 . 2  7 . 2  6 . 6  6 . 5  . 40 2 1 . 7  22. 1 20 . 3  1 8 . 5  1 7 . 6  19 . 5  1 8 . 2  20 . 9  1 . 00 4 1 , 9  38 . 2  39 . 1  42 . 8  47 . 5  45 . 4  43 . 5 40 . 5  2 . 00 58 . 8  60 . 4 63 . 1  63 . 6  6 7 . 9  68.0 68 . 4  69 . 3 4 . 00 7 9 . 9  7 9 . 0  82 . 9  83 . 2 84. 3 83 . 5  84 . 3  83 . 6  
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Tabl e 36 . THM Di stri buti on Data for the Effect of Chl ori ne Dose 
React i on Time (hrs . )  
Cl Br-
2 4 8 24 48 72 96 
(mg/L ) (mg/L ) 
CHC1 3 (% of TTHM) 
2 . 5  0000 100 . 0  100 . 0  100 . 0  100 . 0  100 . 0  100 . 0  100 . 0  100 . 0  
5 . 0  0000 100 . 0  100.0 100 . 0  100.0 100 . 0  100 . 0  1 00 . 0  100 . 0  
1 0 . 0  0000 100.0 100 . 0  100 . 0  100 . 0  100 .0  1 00 . 0  100 . 0  100 . 0  
2 . 5  . 033 76. 9 7 1 . 0  66 . 3  70 . 2  64 . 2  63 . 4  66 . 1  67 . 6  
5 . 0  . 033 77 .0  76 . 1  7 3 . 9  7 5 . 0  77 .4  7 6 . 3  7 1 . 5  73 . 4  
1 0 . 0  . •  033 20 .8  1 5 . 8  1 4 . 5  1 1 . 3 1 0 . 8  8 . 5  7 . 1  7 . 2  
2 . 5  . 333 1 4 . 9  1 5 . 8  20 . 1  1 7 .  l 1 7 . 2  1 5 . 7  1 3 . 4  1 2 . 9  
1 0 . 0  . 333 2 5 . 5  2 8 . 3  2 7 . 9  2 9 . 9  28 . 1  33 . 2  3 5 . 7  36 . 2  
CHC1 2Br ( % of TIHr·1 ) 
2 . 5  0000 0 .0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
5 . 0  coco 0 .0  0 .0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
1 0 . 0  0000 0 .0  0 .0  0 .0  0 .0  0 . 0  0 . 0  0 . 0  0 . 0  
2 . 5  . 033 1 9 . 2  2 2 . 6  27 . 6  24 . 8  29 .9  29 . 7  27 . 8  27 . 1  
5 . 0  . 033 20.6 24 . 5  1 8 . 7  1 9 . 6  1 7 . 8  2 1 .4 2 5 . 7  2 5 . 7  
1 0 . 0  . 033 20 . 3  20 . 2  2 1 . 7  2 1 . 1  1 9 . 2  20 . 1 24 . 7 23 . 0  
2 . 5  . 333 1 4 . 3  1 5 . 8  1 6 . 4  1 8 . 7  H l . O  2 1 . 7  22 . 1  2 2 . 0  
5 . 0  . 333 2 4 . 8  25 .3  2 4 . 9  · 30 . 0  26 . 6  30 . 4  36 . 6  35 . 4  
1 0 . 0  . 333 2 5 . 5  2 8 . 3  2 7 . 8  2 9 . 9  28 . 1  33 . 2  35.7  36.2  
CHC1Br2 (% of TI'1M) 
2 . 5  0000 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
5 . 0  0000 0 .0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
1 0 . 0  0000 0 .0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
2 . 5  .033 3 . 8  6 . 5  6 . 1 5 . 0  6 . 0  6 . 9  6 . 1  5 . 3  
5 . 0  . 033 4 . 4  5. 1 4 . 3  4 . 6  4 . 2  4 . 0  3 . 2  3 . 0  
1 0 . 0  . 033 2 . 7  3 . 7  4 .3 3 . 9  3 . 4  3 . 6  3 . 8  3 . 6  
2 . 5  . 333 46 . 8  46 . 5  43 .7  50 . 2  48 . 6  48 . 5  47 . 3  46 . 2  
5 . 0  . 333 4 5 . 5  4 4 . 4  42 . 6  4 1 . 0  44 . 5  42 . 5  40 . 3  4 1 . 8  
1 0 . 0  . 333 41 .5 4 1 . 7  40 . 2  4 1 . 0  41 . 1  39 . 1  40 . 3  40 . 0  
CHBr3 (% of TTHM) 
2 . 5  0000 0 .0 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
5 . 0  0000 0 . 0  0 .0  0 .0  0 .0  0 .0  0 . 0  0 . 0  0 . 0  
1 0 . 0  0000 0 .0  0 .0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
2 . 5  . 033 0.0 0.0 0 . 0  0 . 0  0 .0  0 . 0  0 . 0  0 . 0  
5 . 0  . 033 0 . 0  0 .0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
10 .0  . 033 0 . 0  0 . 0  0 . 0  0 . 0  0 .0  0 .0 0 .0  0 .0  
2 . 5  . 333 1 8 . 2  2 1 . 9  20 . 4  1 9 . 7  22 . 5  1 1 . 4  2 3 . 5  24 . 7  
5 . 0  . 333 1 4 . 9  1 3 . 5  1 2 . 4  1 2 . 0  1 1 . 7 1 1 . 4 9 . 7  9 . 9  
1 0 . 0  . 333 8 . 5  7 . '3  8 . 9  9 . 4  9 . 5  8 . 5  8 . 3  8 . 0  
1 1 5  
Tabl e 3 7 .  THM Di stri buti on Data for the Effect of Humi c Aci d  Leve l 
Reacti on T i me ( hrs . )  
Humic 2 4 8 24 48 72 96  Ac i d  Br-
(mg . L )  (mg/L ) 
CHC 1 3 (% of TTHH) 
0 . 50 0000 100 . 0  1 00 . 0  1 00 . 0  1 00 . 0  100 . 0  1 00 . 0  1 00 . 0  1 00 . 0  
1 . 00 0000 100 . 0  100 . 0  1 00 . 0  1 00 . 0  100 . 0  100 . 0  1 0 0 . 0  1 00 . 0  
2 . 00 cooo 100 . 0  100 . 0  1 00 . 0  1 00 . 0  1 00 . 0  1 00 . 0  1 00 . 0  1 00 . 0  
0 . 50 .033 77 . 4  7 7 . 4  7 5 . 0  82 . 8  78 . 7  72 . 2  67 . 9  6 3 . 5  
1 . 00 . 033 78 .2  70 . 4  77 . 0  82 . 6  79 . 3  7 8 . 4  72 . 1  7 1 . 3  
2 . 00 . 033 77 . 2  7 3 . 3  77 . 7  82 . 1  81 . 6  80 . 1  7 5 . 4  7 5 . 2  
0 . 50 . 330 30 . 4  24 . 3  2 0 . 0  1 8 . 7  1 7 . 1 1 4 . 3  1 4 . 1  1 2 . 3  
1 .00 . 330 1 8 .  1 2 0 . 0  2 1 . 7  1 9 . 1  1 6 . 6  1 5 . 3  1 5 . 1  1 4 . 4  
2 .00 . 330 1 3 . 5  1 2 . 8  2 5 . 7  20 . 0  1 7 . 5  1 5 . 5  1 4 . 7  1 5 . 0  
CHC1 2Br (% of TTHM) 
0 . 50 0000 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
1 .00 0000 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
2 . 00 0000 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
0 . 50 . 033 1 6 . 1 1 7 . 0  1 9 . 7  1 2 . 9  1 7 . 3  2 2 . 9  27 . 8  32 . 6  
1 . 00 . 033 1 7 . 9  24 . 5  1 8 . 7  1 4 . 1 1 7 . 5  1 8 . 2  2 4 . 8  2 5 . 7  
2 . 00 . 033 1 8 . 4  2 1 . 7  1 8 . 1  1 5 . 3  1 5 . 4  1 6 . 8  2 1 . 2  2 1 . 1  
0 . 50 . 330 26 . 1  32 . 9  40 . 8  46 . 0  39 . 8  38 . 3  3 6 . 9  3 0 . 4  
1 . 00 . 330 23 . 8  2 5 . 0  3 1 . 3  38 . 6  39 . 3  3 7 . 8  3 5 . 9  34 . 8  
2 . 00 . 330 2 8 . 6  27 . 5  32 . 4  40 . 6  36 . 9  3 3 . 2  31 . 6  3 1 . 4 
CHC1 Br·2 (� of TTHH) 
0 . 50 0000 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
1 .00 0000 o . o  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
2 . 00 0000 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
0 . 50 . 330 6 . 5  5 . 7  5 . 3  4 . 3  3 . 9  4 . 9  4 . 3  3 . 9  
1 . 00 . 330 3 . 8  5 .  1 4 . 3  3 . 3  3 . 2  3 . 4  3 . 1 3 . 0  
2 . 00 . 330 3 . 9  5 . 0  4 . 2  2 . 6  2 . 9  3 . 1  3 . 4  3 . 6  
0 . 50 . 330 32 . 6  29 . 1  2 9 . 2  26 . 7  32 . 6  3 7 . 4  38 . 6  48 . 1  
1 . 00 . 330 4 3 . 8  42 . 1  3 6 . 4  32 . 7  3 5 . 0  36 . 9  39 . 5  4 1 . 1  
2 . 00 . 330 43 . 6  47 . 9  32 . 7  3 1 . 9  3 5 . 8  4 1 . 6  43 . 8  43 . 7  
CHBr3 (% i f  TTH�I) 
0 . 50 0000 0 . 0  0 . 0  0'. 0  0 . 0  0 . 0  0.0 0 . 0  0 . 0  
1 . 00 0000 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
2 . 00 0000 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
0 . 50 . 033 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
1 . 00 . 033 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
2 . 00 . 033 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
0 . 50 . 330 1 0 . 9  1 2 . 7  1 0 . 0  8 . 7  1 0 . 5  1 0 . 0  1 0 . 4  9 . 2  
1 .00 . 330 14 . 3  1 2 . 9  1 0 . 6  9 . 6  9 . 2  9 . 9  9 . 5  9 . 7  
2 . 00 . 330 1 4 . 3  1 1 . 8  9 . 2  7 . 4  9 . 8  9 . 7  9 . 9  9 . 9  
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Tabl e 38 . THM Di stri buti on Data for the Effect of pH 
React i on T i me ( h rs . )  
pU sr· 2 4 8 24 48 72 96 
(mg/L ) 
CHC1 3 (% of TTHt� ) 
6 . 0  0000 100.0  1 00 . 0  1 00 . 0  ·,oo . o  1 00 . 0  1 00 . 0  1 00 . 0  1 00 . 0  
7 . 0  0000 1 00 . 0  100 . 0  1 00 . 0  1 00 . 0  100 . 0  1 00 . 0  100.0  1 00 . 0  
8 . 0  0000 100 . 0  100 . 0  1 00 . 0  1 00 . 0  1 00 . 0  100 . 0  1 00 . 0  1 00 . 0  
9 . 5  0000 100.0  100 . 0  100 . 0  1 00 . 0  100 . 0  100 . 0  1 00 . 0  1 00 . 0  
6 . 0  . 033 75 .0  70. 9  72 . 5  7 1 . 1  6 7 . 7  6 8 . 0  69 . 2  69 . 3  
7 . 0  . 033 73 .9  70. 4  77 .0  7 5 . 8  78 .0  74 .6  7 1 . 1  7 1 . 3  
8 . 0  . 033 64 . 2  6 6 . 9  6 8 . 3  68. 2  74 . 6  7 3 . 3  72 . 3  7 1 . 9  
9 . 5  . 033 69 . 1  69 . 1  67 . 6  68 .9  70 . 1  7 1 . 7  73 . 5  72 . 6  
6 . 0  . 333 1 8 . 7  1 6 . 5  20 . 0  1 9 . 9  1 8 . 8  1 9 . 4  1 9 . 4  1 8 . 5  
7 . 0  . 333 1 8 . 1  20 .0  1 9 . 6  1 7 . 1 1 5 . 9  1 4 . 6  1 2 . 9  1 2 . 9  
8 . 0  . 333 1 4 . 1  1 2 . 1 20 . 1  1 6 . 1  1 5 . 1 1 4 .0 1 2 . 2  1 1 . 9 
9 . 5  . 333 1 4 . 9  1 3 . 6  1 6 . 2  1 4 . 3  1 3 . 6  1 3 . 3  1 2 . 5  1 2 . 3  
CHC1 2Br (% of TTHM) 
6 . 0  0000 0 . 0  0 . 0 .  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
7 . 0  0000 0 .0  0 .0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
8 . 0  0000 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 .0 
9 . 5  0000 0 .0 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
6 . 0  . 033 5 . 0  5 . 1  4 . 3  4 . 6  4 . 2  4 . 0  3 . 2  3 . 0  
7 . 0  . 033 5 . 8  5 . 1  4 . 6  5 . 0  4 . 3  4 . 6  4 . 3  4 . 2  
8 . 0  . 033 5 . 3  7 . 4  7 . 1  6 . 5  4 . 9  5 . 2  5 . 4  5 . 7  
9 . 5  . 033 6 . 5  7 . 3  9 . 2  8 . 4  8 . 8  7 . 6  7 . 0  6 . 6  
6 . 0  . 333 42 . 7  50 . 5  48 . 8  47 . 4  45 . 4  4 8 . 9  49 . 2  4 7 . 4  
7 . 0  . 333 43 .8  42 . 1  42 . 9  4 1 . 0 45 . 2  4 3 . 0  40 . 5  4 1 . 8  
8 . 0  . 333 38.0  38. 9 3 5 . 2  38 . 2  40 . 5  38 . 8  3 7 . 6  38 .0  
9 . 5  . 333 3 5 . 1  3 5 . 8  37 . 9  38:6 36 . 6  36 . 4  3 5 . 9  35 . 6  
CHC 1 B r2 (% of TTHM ) 
6 . 0  0000 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  7 . 0  0000 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  8 . 0  0000 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  9 . 5  0000 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  6 . 0  . 033 20 .0 24 . 1  22 . 9  24 . 0  28 .0  27 . 4  26 . 5  26 . 5  7 . 0  . 033 20 . 3  24 . 5  1 8 . 7  1 9 . 6  1 7 . 8  2 1 . 4  25 . 7  25 . 7  8 . 0  . 033 30 . 5  2 5 . 7  24 . 6  2 5 . 3  20 . 5  2 1 . 4  22 . 3  2 2 . 4  9 . 5  . 033 24 .4  2 3 . 6  23 . 2 2 2 . 7  21 . 0  20 . 7  1 9 . 5  20 . 8  6 . 0  . 333 20 .0 1 7 . 5  1 5 . 2  1 6 . 7  22 . 2  1 9 . 0  1 8 . 5  2 1 . 9  7 . 0  . 333 23 . 8  25 . 0  2 5 . 0  30 . 0  27 . 0  30 . 8  36 . 8  3 5 . 4  8 . 0  . 333 1 9 . 7  23 . 2  20 . 5  1 9 . 9  1 6 . 7  1 9 . 9  25 . 3  26 . 3  9 . 5 . 333 20 . 6  20 . 0  1 9 . 4  20 . 9  1 8 . 7  1 9 . 3  2 1 . 0  2 1 . 1  
CHBr3 (% of TTHM) 
6 . 0  0000 0 .0  0 .0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  7 . 0  0000 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
8 . 0  0000 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  9 . 5  0000 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
6 . 0  . 033 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  7 . 0  .033 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
8 . 0  . 033 0 . 0  0 . 0  0 . 0  0 . 0  0 .0  0 .0  0 . 0  0 . 0  9 . 5  . 033 0 .0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
6 . 0  . 333 1 8 . 7  1 5 . 5  1 6 . 0  1 6 . 0  1 3 . 5  1 2 . 7  1 2 . 9  1 2 . 2  7 .0  . 333 1 4 . 3  1 2 . 9  1 2 . 5  1 2 . 0  1 1 . 9 1 1 . 6 9 . 7  9 . 9  8 . 0  . 333 28.2  2 5 . 8  2 4 . 2  2 5 . 8  2 7 . 7  2 7 . 3  2 3 . 9  2 3 . 8  9 . 5  . 333 29 . 4  30. 6 26 . 6  26 . 2  31 . 1  30 . 9  30. 6 3 1 . 0  
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Tabl e 39 . TH�1 Di stri but ion  Data for the Effect of Ion i c Strength 
Reaction Time ( hrs . )  
2 4 8 24 48 72 96 
Ion i c  Br-
Strength (mg/L)  
CHC1 3 ( % of TIHM ) 
. 0 1 5  0000 1 00 . 0  1 00 . 0  1 00 . 0  100 . 0  1 00 . 0  1 00 . 0  1 00 . 0  1 00 . 0  
.075  0000 1 00 . 0  1 00 . 0  100 . 0  1 00 . 0  100 . 0  1 00 . 0  100 . 0  1 00 . 0  
• 1 50 0000 1 00 . 0  1 00 . 0  100 . 0  100 .0  1 00 . 0  1 00 . 0  1 00 . 0  100 . 0  
. 0 1 5  . 033 76 . 9  69 . 4  7 7 . 0  74 . 8  7 7 . 8  73 . 8  7 3 . 0  72 . 9  
. 075 . 033 78.2  72 . 3  . .  78.0  75 . 3  7 9 . 4  76 . 1  7 1 . 1  7 1 . 9  
• 1 50 . 033 78.8 72 . 1  78 .0  7 5 . 5  78 .4  75 . 7  7 1 . 3  72 . 6  
. 0 1 5  . 333 20 . 8  20 . 6  20 . 0  1 7 . 7  1 6 . 1  1 5 . 0  1 3 . 5  1 2 . 9  
.075  . 333 22 . 6  1 9 . 0  2 1 . 3  1 8 . 3  1 6 . 3  1 4 . 5  1 3 . 4  1 2 . 7  
. 1 50 . 333 1 4 . 9  2 1 . 0  20 . 9  1 9 . 4  1 6 . 4  1 4 .0 1 2 . 7  1 2 . i  
CHC1 2Br (% of TTHM) 
�015 0000 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
.075  0000 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
. 1 50 0000 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
.0 1 5 . 033 1 9 . 2  25 . 5  1 8 . 7 20 . 6  1 8 . 0  22 . 6  2 3 . 9  24. 1 
.075 .033 1 7 . 9  22 . 8  1 8 . 7  1 9 . 6  1 6 . 5  20 . 3  2 5 . 6  2 5 . 0  
. 1 5 0  . 033 1 7 . 5  23 . 1  1 8 . 0  20 . 2  1 7 . 5  20 . 2  2 5 . 4  24 .3  
.0 15  . 333 2 1 . 8  24 . 1  2 2 . 3  2 7 . 4  33 .0  3 6 . 5  34 . 0  34 . 9  
. 07 5  . 333 23 . 6  2 5 . 4  24 . 9  28 .2  33 . 9  36 . 2  3 5 . 9  34 . 3  
. 1 50 . 333 2 5 . 4  2 5 . 4  2 5 . 0  29 . 2  32 . 5  3 5 . 4  3 5 . 0  35 . 9  
CHC1Br2 ( %  of TTHM) 
. 0 1 5  0000 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
.075  0000 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
• 1 50 0000 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
.01 5 . 033 3 . 8  5 . 1  4 . 3  4 . 5  4 . 2  3 . 6  3 . 2  3 . 1 
. 07 5  . 033 3 . 8  5 . 0  4 . 3  5 .  1 4 . 1  3 . 6  3 . 3  3. 1 
• 1 50 . 033 3 . 8  4 . 8  4 . 0  4 . 3  4 . 1  4 . 1  3 . 3  3 .  1 
. 0 1 5  . 333 43 . 6  42 . 6  44. 6 42 . 8  40 . 7  38 .3  42 . 7  4 1 . 8  
.075  . 333 40 . 6  43 .0  42 .0 4 1 . 8  39 . 4  3 8 . 9  40 . 2  42 . 8  
• 1 50 . 333 45 . 6  40 .6  41 . 9  38 . 9  40 . 4  39 . 6  4 1 . 8  4 1 . 1  
CHBr3 (% of TIHr1 ) 
.0 15  0000 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
. 0 75 oooa 0 . 0  I 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
. 1 50 0000 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
. 0 1 5  . 033 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  . 0 . 0  0 . 0  
.075  . 033 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
. 1 50 . 033 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
. 0 1 5  . 333 1 3 . 9  1 2 . 8  1 3 . 1 1 2 . 1  1 0 . 2 1 0 . 1 9 . 8  1 0 . 4  
. 07 5  . 333 1 3 . 2  1 2 . 7  1 1 . 8  1 1 . 7  1 0 . 4  1 0 . 4  1 0 . 5  1 0 . 2  
• 1 50 . 333 1 4 . 0  1 3 . 0  1 2 . 2  1 2 . 5  1 0 . 7  1 1 .0 1 0 . 5  1 0 . 2  
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Tab l e  40 . THt'1 Di stri buti on Data for the Effect of Temperature 
from Humi c Aci d  
Reacti on T ime ( hrs . )  
T0mp Br- 2 4 8 24 48 72 96 
( C ) (mg/L ) 
CHC1 3 (% of TTH�1 )  
10  0000 1 00 . 0  1 00 . 0  1 00 . 0  1 0 0 . 0  1 00 . 0  1 00 . 0  1 00 . 0  1 00 . 0  
20 0000 100 . 0  100 . 0  1 00 . 0  1 00 . 0  1 00 . 0  1 00 . 0  1 00 . 0  1 00 . 0  
30 0000 1 00 . 0  1 00 . 0  1 00 . 0  1 00 . 0  1 00 . 0  1 00 . 0  1 00 . 0  1 00 . 0  
1 0  0 . 04 72 . 2  6 7 . 1 70 . 5  69 . 2  65 . 9  64 . 7  63 . 1  6 2 . 5  
20 0 . 04 58. 7  64 . 4  68 . 6  67 . 7  6 7 . 3  64 . 5  65 . 6  65 . 5  
30 0 . 04 72 . 8  68 . 0  7 1 . 2  68 . 2  69 . 1  68 . 5  68 . 8  68 . 8  
1 0  0 . 40 1 4 . 8  1 3 . 3  1 2 . 6  1 1 . 5  1 1 . 4 1 1 . 1  1 0 . 2  9 . 8  
20 0 . 40 1 7 . 0 1 4 . 9  1 5 . 1  1 3 . 2  1 1 . 5 1 0 . 0  9 . 2  8 . 8  
30 0 . 40 1 7 . 7  1 6 . 7  1 5 . 8  1 5 . 7  1 2 . 1  1 0 . 9  1 0 . 7  1 0 . 3  
1 0  4 . 00 2 . 3  2 . 1  2 . 3  2 . 4  2 . 8  2 . 9  3 . 0  3 . 1  
20 4 . 00 2 . 7  2 . 2  2 . 0  2 . 4  2 . 6  2 . 5  2 . 3  2 . 2  
30 4 . 00 3 . 5  3 . 3  2 . 7  3 . 1  2 . 2  2 . 1  2 . 2  2 . 1  
CHC1 2 B r  ( %  o f  TTHM) 
1 0  0000 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
20 0000 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
30 0000 0 . 0  0 . 0  0 . 0  0 . 0 0 . 0  0 . 0  0 . 0  0 . 0  
1 0  0 . 04 22 . 2  26 . 8  24 . 1  2 4 . 8  27 . 5  2 9 . 9 31 . 5  32 . 1  
20 0 . 04 26 . 9  27 . 7  24 . 1  26 . 3  2 7 . 4  30 . 3  29 . 5  2� . 2  
30 0 . 04 23 . 2  26 . 2  22 . 9  26 . 0  25 . 5  25 . 7  2 5 . 4  L 5 . 5  
1 0  0 . 40 1 9 . 3  1 8 . 5  2 1 . 2  2 1 . 4  24 . 2  23 . 8 2 5 . 6  26 . 8  
20 0 . 40 1 8 . 9  1 8 . 2  1 � . 8  22 . 5  25 . 3  27 . 1  27 . 7  2 5 . 5  
30 0 . 40 22 . 3  2 1 . 9  23 . 4  27 . 9  28. 3 28 . 4  28 . 8  29 . 1  
1 0  4 . 00 2 . 3  2 . 1  2 . 3  2 . 4  2 . 4  2 . 6  2 . 7  2 . 8  
20 4 . 00 2 . 7  2 . 2  2 . 0  2 . 1  2 . 1  2 . 1  2 . 5  2 . 4  
30 4 . 00 4 . 0  4 . 1  3 . 3  3 . 6  2 . 7  2 . 6  2 . 5  2 . 6  
CHC1 Br2 ( % of TTHMJ 
1 0  0000 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
20 0000 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
30 0000 0 . 0  0 . 0  o . o  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
1 0  0 . 04 5 . 6  6 . 1  5 . 4  6 . 0  5 . 6  5 . 5  5 . 4  5 . 3  
20 0 . 04 4 . 5  7 . 9  7 . 3  6 . 0  5 . 3  5 . 3  5 . 0  6 . 2  
30 0 . 04 4 . 0  5 . 8  5 . 9  5 . 8  5 . 4  5 . 8  5 . 8  5 . 7  
1 0  0 . 40 43 . 2  46 . 1  44 . 4  46 . 7  4 5 . 0  44. 0  43 . 2  42 . 5  
20 0 . 40 42 . 5  44 . 8  44 . 8  4 5 . 8  45 . 6  43 . 5  44 . 9  44 . 8  
30 0 . 40 44. 0  42 . 9  40 . 9  37 . 1  43. 0  43 . 8  43 . 9  43 . 6  
1 0  4 . 00 1 4 . 1  1 3 . 9  1 3 . 6  1 3 . 9  1 4 . 5  1 5 . 3  1 5 . 6  1 6 . 4  
20 4 . 00 1 4 . 8  1 6 . 5  1 3 . 3  1 2 . 3  1 4 . 2  1 3 . 3  1 2 . 3  1 1 . 8 
30 4 . 00 1 6 . 9  1 5 . 5  1 2 . 7  1 3 . 8  1 2 . 9  1 2 . 6  1 2 . 7  1 2 . 9  
CH Br3 ( % of TTHMJ 
1 0  0000 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  20 0000 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  30 0000 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  1 0  0 . 04 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  20 0 . 04 0 . 0  0 . 0  . 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  30 0 . 04 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  1 0  0 . 40 22 . 7  21 . 9  2 1 . 9  20 . 3  1 9 . 4  2 1 . 0  21 . 1  20 . 9  20 0 . 40 21 . 7  22 . 1  20 . 3  1 8 . 5  1 7 . 6  1 9 . 5  1 8 . 2  20 . 9  30 0 . 40 1 6 . 0  1 8 . 5  1 9 . 8 1 9 . 3  1 6 . 5  1 6 . 9  1 6 . 6  1 7 . 0  1 0  4 . 00 81 . 3  82 . 0· 81 . 8  81 . 2  80 . 3  79 . 2  78 . 7  77 . 7  20 4 . 00 7 9 . 9  79 . 0  82 . 6  83 . 2  81 . 0  82 . 0  82 . 9  83 . 6  30 4 . 00 75 . 6  77 . 1  31 . 3  79 . 5  82 . 3  82 . 8  82 . 6  82 . 4  
1 1 9  
Tabl e 4 1 .  THM Di stri buti on Data for the Effect of Brom i de Leve l from 
Tennessee Ri ver Hater 
React i on T i me (hrs . )  
ar· 2 4 8 24 48 72 96 
(mg/L ) 
CHC1 3 (% of TTH�1) 
0000 94 . 7  93 . 8  92 . 2  92 . 8  92 . 7  92 . 8  9 2 . 8  92 . 7  
0 . 0 1  9 1 . 0 89 . 6  88. 5 85 . 0  87.3 87 . 7  87 . 5  88 . 0  
0 . 02 83 . 3  83 . 3  80 . 4  78 . 7  80 . 9  82 . 2  8 1 . 9  81 . 4  
0 . 04 75 . 7  75 . 4  7 1 . 9  68 . 2  73 . 1  75 . 5  74 . 6  75 . 4  
0 . 10 62 . 7  6 1 . 8  57 . 4  5 5 . 5  63 . 0  .. 62 . 8  6 1 . 4  60 . 9  
0 . 20 42 . 7  43 . 2  4 1 . 2  40 . 0  38 . 7  3 9 . 4  3 9 . 5  39 . 5  
0 . 40 2 5 . 4  28. 9 29 . 5  2 5 . 0  2 3 . 7  2 3 . 8  24 . 3  2 4 . 3  
1 . 00 1 0 . 6  1 1 . 1  1 2 . 0  1 2 . 1  1 1 . 7 1 1 . 9 1 2 . 4  1 2 . 8  
2 . 00 7 . 3  7 . 7  7 . 5  7 . 8  6 . 3  6 . 6  6 . 7  7 . 0  
4 . 00 4 . 4  4 . 4  5 . 3  5 . 8  5 . 4  5 . 1  5 . 0  5 . 0  
CHC 12Br (% of TIHM) 
0000 3 . 8  4 . 4  5 . 5  5 . 5  5 . 4  5 . 5  5 . 6  5 . 8  
0 . 01 7 .  1 8 . 2  9 . 0  1 1 . 4 1 0 . 2  9 . 9  . 9 . 9  9 . 7  
0 . 02 1 2 . 2  1 1 . 8  1 4 . 3  1 6 . 5  1 4 . 4  1 3 . 0  1 3 . 3  i 4 . 0  
0 . 04 1 7 . 3  1 6 . 5  1 9 . 6  23 . 0  1 9 . 1  1 7 . 1 1 8 . 0  1 7 . 0  
0 . 1 0  24 . 6  24 . 2  2 5 . 2  28. 1 25 . 4  2 5 . 2  2 6 . 0  2 5 . 9  
0 . 20 32 . 5  29 . 1  27 . 8  29 . 7  3 1 . 8  3 1 . 1  32 . 1  3 1 . 1  
0 . 40 36 . 6  34 .2  3 3 . 5  34 . 8  34 . 3  34 . 9  34 . 5  33 . 9  
1 . 00 2 1 . 4  20 . 0  20 . 2  20 . 3  1 9 . 0  1 8 . 7  1 9 . 2  1 9 . 9  
2 . 00 8 . 7  9 . 0  8 . 8  1 0 . 0  8 . 6 . 8 . 5  8 . 5  8 . 4  
4 . 00 6 . 0  5 . 9  5 . 7  6 . 5  6 . 5  6 . 3  6 . 1  5 . 9  
CHC1Br2 (% of TTHM) 
0000 1 . 4 1 . 8 2 . 3  2 . 2  1 . 8  1 . 7  1 . 6  1 . 5  
0 . 0 1  1 . 9 2 1 2  2 . 6  2 . 6 2 . 4  2 . 5 . 2 . 4  2 . 3  
0 . 02 4 . 5  4 . 9  5 . 3  4 . 8  4 . 8  4 . 8  4 . 7  4 . 7  
0 . 04 7 . 1 8. 1 8 . 1i  8 . 8  7 . 8  7 . 4  7 . 4  7 . 5  
0 . 10 1 2 . 3  1 3 .  1 1 5 . 9  1 5 . 3  1 0 . 9  1 1 . 4 1 2 . 0  1 2 . 5  
0 . 20 2 1 . 5  23 . 2  2 5 . 8  2 5 . 5  24 .6  24 .6  2 3 . 6  2 4 . 9  
0 . 40 29 . 7  2 7 . 3  2 5 . 8  2 7 . 6  30 . 1  29 . 1  29 . 4  2 9 . 8  
1 . 00 39 . 4  37 . 7  3 5 . 7  3 5 . 4  35 . 8  3 5 . 2  34 .9  34 . 6  
2 . 00 27 . 3  2 8 .  1 28. 1 2 7 . 7  24 . 2  2 5 . 5  2 7 . 4  28. 1 
4 . 00 23 . 8  2 2 . 7  2 1 . 5  20 .8  20 . 0  1 9 . 1  20 .0  2 1 . 1  
CHBr3 (% of TTHM) 
0000 0 . 0  0 . 0  0 . 0  0 . 0  0 .0 0 . 0  0 . 0  0 . 0  
0 . 01 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
0 . 02 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
0 . 04 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
0 . 10 0 . 4  1 . 0  1 . 4 1 .  1 0 . 7  0 . 7  0 . 6  0 . 6  
0 . 20 3 . 3  4 . 4  5 . 3  4 . 8  4 . 9  4 . 9  4 . 7  4 . 5  
0 . 40 8 . 3  9 . 6 1 1 . 2 1 2 . 7  1 1 .9 1 2 . 1  1 1 .8 1 2 . 1  
1 .00 28 .6  3 1 . 2  32 . 0  3 1 . 2  33 .5  _34 . 2  33 . 5  32 . 7  
2 . 00 56 . 7  55 . 2  5 5 . 6  54 . 4  6 1 . 0  59 . 3  5 7 . 4  56 . 4  
; 4 . 00 65 . 8  67. 1 67 . 5  66 . 8  68 . 2  69 . 5  68 . 8  68 .0  
1 2 0 
Ta b l e 42 . THM D i stri but i on Data for the Effect of Tempe ra t u re from 
Te n ne s s ee Ri ver Water 
Tern!? Br-
(CO)  (mg/L) 
1 0  0000 
20 0000 
30 0000 
1 0  0 . 04 
20 0 . 04 
30 0 . 04 
1 0  0 . 40 
20 0 . 40 
30 0 . 40 
1 0  4 . 00 
20 4 . 00 
30 4 . 00 
1 0  DODO 
20 DODO 
30 0000 
1 0  0 . 04 
20 0 . 04 
30 0 . 04 
1 0  0 . 40 
20 0 . 40 
30 0 . 40 
1 0  4 . 00 
20 4 . 00 




1 0  0 . 04 
20 0 . 04 
30 0 . 04 
1 0  0 . 40 
20 0 . 40 
30 0 . 40 
1 0  4 . 00 
20 4 . 00 
30 4 . 00 
1 0  0000 
20 0000 
30 0000 
1 0  0 . 04 
20 0 . 04 
�0 0 . 04 
10 0 . 40 
20 0 . 40 
30 0 . 40 
1 0  4 . 00 
20 4 . 00 
30 4 . 00 
Reaction Time (hrs . )  
2 4 B 
CHC1 3 · (% of TTHM) 
93 . 1  94 . 0  93 . 3 92 . 5  
94 . 7  93 .8  92 . 2  92 . 3  
94. 4 94 . 7  94. 2  94 . 2  
73 . 3  70 . 8  70 . 0  6 7 . 2  
75 . 7  75 . 4  7 1 .0  68 . 2  
80 . 5  81 . 0  78 . 3  76 . 4  
30. 5  28 . 8  2 7 . 5  2 7 . 9  
28. 3 30 . 6  30 . 2  2 6 . 0  
30. 1 30 .8  32 . 1  31 . 0  
5 . 2  6 . 3  6 . 2  6 . 6  
6 . 5  6 . 8  6 . 8  7 . 3  
8 . 8  7 . 6  6 . 6  7 . 2  
CHC1 2 Br ( %  of TTHM) 
5 . 5  4 . 6  4 . 7  5 . 5  
3 . 8  4 . 4  5 . 5  5 . 5  
4 . 5  3 . 9  4 . 2  4 . 3 
1 9 . 3  20 . 5  1 9 . 8  2 3 . 0  
1 7 . 3  1 6 . 5  1 9 . 3  23. 0 
1 3 . 5  1 2 . 5  1 3 . 4  1 6 . 0  
36 . 9  35 . 2  35 . 9 .  34 . 6  
40 . 9  36 . 2  34. 2  36 . 2  
40 . 0  38. 5  36 . 7  36 . 9  
8 . 0  8 . 5  8 . 9  9 . 5  
7 . 9  8 . 1  8 . 0  9 . 5  
6 . 7  7 . 8  7 . 9  8 . 8  
CHC1 Br2 (% of TTHM) 
1 . 4 1 . 4 2 . 0  2 . 0  
1 . 4 1 . 8  2 . 3  2 . 2  
1 . 1 1 . 4 1 . 7 1 . 5  
7 . 5  8 . 7  10 . 3 9 . 9  
7 . 1  8 . 1  9 . 7  8 . 8  
'6 . 0  6 . 5  8 . 3  7 . 6  
23 .5  25 . 0  23 . 5  24 . 2  
2 1 . 5  2 3 . 0  24 . 2  24. 6 
20 . 3 20 . 8  21 . 0  20 . 8  
22 . 3  22 . 1  2 1 . 2  20. 1 
22 .8  21 . 5  20 . 6  1 9 . 8  
2 1 . 3  22 . 0  20 . 2  20. 3  
CH Br3 ( %  of TTHM) 
0 . 0  0 . 0  0 . 0  O . G  
0 . 0  0 . 0  0 . 0  0 . 0  
0 . 0  0 . 0  0 . 0  0 . 0  
0 . 0  0 . 0  0 . 0  0 . 0  
0 . 0  0 . 0  0 . 0  0 . 0  
0 . 0  0 . 0  0 . 0  0 . 0  
9 . 1  1 1 . 0  1 3 . 1 1 3 . 3  
9 . 3  1 0 . 2  1 1 . 4  1 3 . 2  
9 . 6  1 0 . 0  1 0 . 2  1 1 . 4 
64 .5  63 . 2  63 . 7  6 3 . 8  
62 . 8  63 .6  64 . 6  63 . 4  
63 . 3  62 . 5  65 . 3  63 . 7  
24 48 72 96 
90. 9  90 . 6  90 . 5  90. 7 
92 . 8  92 . 7  92 . 8  92 . 7  
94 . 3  94 . 2  94 . 1 94. 1  
70 . 6  70 . 4  70 . 7  70 . 9  
73 . 1  7 4 . 3  7 3 . 6  74 . 5  
78. 9  7 9 . 2  7 9 . 2  7 9 . 5  
2 7 . 6  2 7 . 1 26 . 5  26 . 5  
25 . 6  25 . 6  26 . 5  26 . 4  
32 . 1  3 3 . 8  34 . 5  34 . 5  
5 . 7  6 . 3  6 . 6  7 . 0  
5 . 7  6 . 1  6 . 2  6 . 4 
5 . 7  5 . 6  5 .  7 5 . 9  
6 . 8  7 . 2  7 . 5  7 . 4  
5 . 4  5 . 5  5 . 6  5 . 8 
4 A  4 . 5  4 . 7  4 . 7  
20 .5  20 . 6  20 . 0  1 9 . 8  
1 9 . 1 1 8 . 0  1 8 . 7  1 7 . 7  
1 4 . 9  1 4 . 9  1 4 . 9  1 4 . 8  
34 . 7  34 . 9  35 . 5  35 . 2  
37 . 0  3 7 . 4  37 . 6  36 . 8  
31\ . 3  3 3 . 8  33 . 3  32 . 5  
7 . 9  7 . 9  7 . 9  8 . 0  
7 . 8  7 . 7  7 . 9  7 . 6 
7 . 5  7 . 5  7 . 5  7 . 5  
2 . 3  2 . 2  1 . 9 1 . 9 
1 . 8  1 . 7 1 . 6 1 . 5 
1 . 4 1 . 3 1 . 2 1 . 2 
8 . 8  8 . 9  9 . 2  9 . 3  
7 . 8  7 . 8  7 . 7  7 . 8  
6 . 1  6 . 0  5 . 9  5 . 7  
24 . 1  24 . 0  23 . 4 23 . 4  
24. 5  2 3 . 9  23 . 0  2 3 . 6  
2 1 . 7  20 . 4  1 9 . 7 20 . 7  
1 9 . 5  20 . 0  20. 1 1 9 . 7  
1 9 . 6  1 8 . 6  1 9 . 4  20 . 4  
1 9 . 6  1 8 . 9  1 7 . 7  1 7 . 7  
0 . 0  0 . 0  0 . 0  0 . 0  
0 . 0  0 . 0  0 . 0  0 . 0  
0 . 0  0 . 0  0 . 0  0 . 0  
0 . 0  0 . 0  0 . 0  0 . 0  
0 . 0  0 . 0  0 . 0  0 . 0  
0 . 0  0 . 0  . 0 . 0  0 . 0  
1 3 . 6  1 4 . 0  1 4 . 6  1 4 . 9  
12 . 9  1 3 . 0  1 2 . 9  1 3 . 1  
1 1 . 9  1 1 . 9 1 2 . 4  1 2 . 3  
67 . 0  65 . 7  65 . 4  65 . 3  
66 . 9  67 . 7  65 . 6  55 . 6  
6 7 . 2  6 7 . 9  59 . 0  69 . 0  
APPENDIX  0 
TTH�1 FORt�ATION CURVES 
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Fi gure 37 . Vari ati on i n  I o n i c  Strength at 0 mg/L Bromi de . 
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Fi gure 48 . Effect of Temperature on Tennessee Ri ver TTHt·1 Format i on at 4 . 0  mg/L Bromide .  
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Tabl e 43 . Res i dua l  Ox i dant Data 
Experimental Reacti on Time ( hrs ) 
Cond i ti ons  0 4 8 24 48 7 2  96 
Humi c Ac i d  Stud i es 
Humi c Ac id , mg/L 
. 5  4 . 85 4 . 65 4 . 53 4 . 2 5 4 . 14 4 . 00 3 . 90 
1 . 0  4 . 7 5 4 . 23 4 . 00 3 . 77 3 . 50 3 . 3 9  3 . 24 
2 . 0  4 . 65 3 . 80 3 . 60 3 . 47 3 . 1 5 2 . 7 2  2 . 60 
Chl ori ne Dose 
mg/L 
2 . 5  2 . 26 1 . 85 1 . 53 1 . 29 1 . 03 . 87 . 80 
1 0 . 0  9 . 68 9 . 3 5  9 . 01 8 . 65 . 8 . 38 8 . 24 8 . 08 
pH 
6 . 0  4 . 7 9  4 . 33 4 . 09 3 . 88 3 . 62 3 . 4 9  3 . 3 9  
7 . 0  4 .  7 5  4 . 23 4 . 00 3 . 77 3 . 50 3 . 3 9  3 . 24 
8 . 0  4 . 58 4 . 14 3 . 7 1  3 . 5 0 3 . 3 5  3 . 1 8 3 . 07 
9 . 5  4 . 28 3 . 7 5  3 . 3 2  3 . 3 0  3 . 25 3 . 1 0  2 . 95 
Temperature , deg . C .  
1 0  4 . 7 9 4 . 40 4 . 1 8 3 .  94 3 . 7 0  3 . 60 3 . 52 
3 0  4 . 7 0 4 . 1 0 3 . 85 3 . 50 3 . 3 6  3 . 2 1  3 . 05 
Bromide , mg/ L  
0 4 . 7 5  4 . 23 4 . 00 3 . 77 3 . 50 3 . 3 9  3 . 24 
. 03 3  4 . 7 1 4 . 1 2 3 . 92 3 . 68 3 . 42 3 . 33 3 . 20 
. 040 4 . 7 1 4 . 1 2 3 . 88 3 . 64 3 . 34 3 . 2 5  3 . 18 
. 33 3  4 . 62 3 . 96 3 . 7 0  3 . 42 3 . 23 3 . 1 0  2 .  97 
. 400 4 . 57 3 . 92 3 .  67 3 . 37  3 . 1 9  3 . 06 2 . 95 
4 . 000 4 . 48 3 . 7 5 3 . 33 3 . 01 2 . 88 2 . 7 5 2 . 60 
Tennessee Ri ver 
Studi es 
0 5 . 7 5  5 . 2 9  5 . 1 0  4 . 7 9  4 . 50 4 . 33 4 . 2 0 
. 04 5 . 74 5 . 25 5 . 05 4 . 7 5 4 . 4 6  4 . 3 0 4 . 1 8 
. 4 0  5 . 7 0  5 . 00 4 . 7 8  4 . 43 4 . 27 4 . 1 5 4 . 01 
4 . 00 5 . 60 4 . 1 2  3 . 48 3 . 17 2 . 95 2 . 81 2 . 69 
Temperature ,  deg . C .  
1 0  5 . 80 5 . 44 5 . 2 1 4 . 95 4 . 80 4 . 68 4 . 60 
3 0  5 . 66 5 . 09 4 . 90 4 . 5 2 4 . 34 4 . 1 9 4 . 08 
APPENDI X  F 
COMPARISON OF MEASURED AND PREDICTED 
THM FORt�ATION CURVES 
THM 
Y I ELD 
1 47 
...... TYP I CAL MEASURED THM FORMAT I ON CURVE 
· - - · TY P I CAL F I RST ORDER PRED I CT I ON MODEL 
THM FORMAT ION CURVE 
REACT I ON T IME ( hrs . ) 
F i gure 49 . Compa ri son of Typ i cal Mea sured THM Forma t i o n  Curve vs . 
F i rs t  Order Pred i ct i on Model THM Forma t i o n  Curve . 
1 48 
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